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*!
!
8;;,%$(*'(-#&!
V8Y7NS!!! ! B%&!)*4,30*&32(!292/&0,!9,(!,(,<-/&51&/,0*0!
\YCKK! ! ! 5#/*4*)*3,Y5#/*4*)&3,!51&-&5/&)'<-!
]Y&;&YN! ! ]Y&;&Y`@!]Y)*1#)/&9'23*3,!
^YUYU! ! ! L78^?AI?U?L78U!!
7! ! ! 7),3*3,!
7SK! ! ! 7/<12,&YS'+2/#&-*<!K/*420,!
7K?! ! ! 744&3*'4!5,/0'(512-,!
7BM! ! ! 7-2;*2!-,(239*,<-20*2!4'-2-,)!!
7BK! ! ! 7),3&0*3,Y??Y-/*51&0512-,!
7BL! ! ! 7BM!23)!L2)WY/,(2-,)!5/&-,*3!
7BL$K!! ! ! 7BLY*3-,/2<-*39!52/-3,/!
:5! ! ! "20,Y52*/!
"K8S! ! ! ",3d&e2f5#/,3,!k"e2fKl!)*&(,5&;*),!!
"b! ! ! ",<b',/,(!
"?7! ! ! "&6*3,!0,/'4!2(:'4*3!
"SL! ! ! "20,!,;<*0*&3!/,52*/!
"/)I! ! ! "/&4&),&;#'/*)*3,!
O! ! ! O#-&0*3,!
UCO! ! ! O2/:&3!UC!
O8O! ! ! O,((!)*6*0*&3!<#<(,!
O8BU! ! ! O1/&42-*3!(*<,30*39!23)!8H7!/,5(*<2-*&3!.2<-&/!U!
O*! ! ! O'/*,!
O(! ! ! O1(&/&),&;#'/*)*3,!
OO8OUUU! ! O&*(,)Y<&*(!)&42*3!<&3-2*3*39!5/&-,*3!UUU!
<8H7! ! ! O&45(,4,3-2/#!8H7!
O8EU_V!! ! O#<(*3Y),5,3),3-!+*320,0!U!&/!V!
**!
!
O1+U_V! ! ! O1,<+5&*3-!+*320,!U!&/!V!
O-! ! ! B1/,01&()!<#<(,!
87K$! ! ! Cm@\Y)*24*)*3&YVY51,3#(*3)&(,!
8*3!e9,3,f! ! 8H7!)2429,Y*3)'<*:(,!e9,3,f!
8Y(&&5!! !! ! 8*05(2<,4,3-!(&&5!
8Fj! ! ! 8&;#<#<(*3,!
8H7!! ! ! 8,&;#/*:&3'<(,*<!2<*)!! !
)LK! ! ! ??Y),&;#/*:&0,!51&0512-,!!
8?"! ! ! 8H7!)&':(,Y0-/23)!:/,2+!
)08H7! ! ! 8&':(,Y0-/23),)!8H7!
S)I!! ! ! ZY,-1#3#(YVmY),&;#'/*)*3,!
SBO! ! ! S(,<-/&3!-/230.,/!<12*3!!
[O?! ! ! [&,-2(!<2(.!0,/'4!
[SHU! ! ! [(25!,3)&3'<(,20,!!
[B! ! ! [(&%!-1/&'91!!
WA! ! ! B/*-*'4!
N! ! ! N'23*3,!
N$H?!<&45(,;!! ! eN&Y$<1*YH*Y?23@!Z@U@V@W!*3!n2523,0,f!
N#! ! ! N/2#!
AY0-/23)!! ! A,26#!0-/23)!4-8H7!
AV7j! ! ! A*0-&3,!AV7!62/*23-!j!
?AV7j! ! ! A*0-&3,!AV7!62/*23-!j!51&051&/#(2-,)!&3!?UW^!
A7! ! ! A,4299('-*3*3!
A,+! ! ! A'423!,4:/#&3*<!+*)3,#!!
A*0! ! ! A*0-*)*3,!
A$?! ! ! A*0-*)*3&(!e/,0*0-23<,Y9,3,f!
ARB[!! ! ! A,(*<20,Y(*+,!-/230</*5-*&3!.2<-&/!
***!
!
AL! ! ! A&4&(&9&'0!/,<&4:*32-*&3!
ALK! ! ! A&/0,/2)*01!5,/&;*)20,!
A?K! ! ! A,26#!0-/23)!5/&4&-,/!
$)I! ! ! $&)&),&;#'/*)*3,!
$9! ! ! $44'3&9(&:'(*3!!
$M?! ! ! $3)'0-/*2(!4,-1#(2-,)!05/*-0!
$M7O! ! ! $44&:*(*d,)!4,-2(!*&3!2..*3*-#!<1/&42-&9/251#!!
$KBN!! ! ! ???????????Y8YUY-1*&92(2<-&5#/23&0*),!
E:! ! ! E*(&:20,!
+82! ! ! E*(&)2(-&3!
EF! ! ! E3&<+&'-!
R"!! ! ! R'/*2Y",/-23*!
R?K! ! ! R*91-!0-/23)!5/&4&-,/!
M,<U! ! ! M*-&0*0!,3-/#!<1,<+5&*3-!+*320,!!
MML! ! ! M*042-<1!/,52*/!
4-8H7!! ! M*-&<1&3)/*2(!8H7!
4-??"! ! ! M*-&<1&3)/*2(!0*39(,!0-/23),)!:*3)*39!5/&-,*3!
MOM! ! ! M*3*<1/&4&0&4,!42*3-,323<,!
MM?! ! ! M,-1#(!4,-123,0'(.&32-,!
MLH! ! ! M/,UUYL2)ZDYH:0U!
MB?!! ! ! M*-&<1&3)/*2(!-2/9,-*39!0,b',3<,!
Mg! ! ! M&(,<'(2/!%,*91-!
HOR8J! ! ! H'<(,&Y<#-&5(204*<!(2/9,!8H7!6*/'0,0!
HSL! ! ! H'<(,&-*),!,;<*0*&3!/,52*/!
HASn! ! ! H&3Y1&4&(&9&'0!,3)!=&*3*39!
H*YHB7! ! ! H*<+,(Y3*-/*(&-/*2<,-*<!2<*)!/,0*3!
HOL!! ! ! H&3Y<&)*39!/,9*&3! !
*6!
!
HBK!! ! ! H'<(,&0*),!-/*51&0512-,!
FA!! ! ! F/*9*3!&.!1,26#!0-/23)!8H7!/,5(*<2-*&3!
FR!! ! ! F/*9*3!&.!(*91-!0-/23)!8H7!/,5(*<2-*&3!
FLO! ! ! F/*9*3!/,<&93*-*&3!<&45(,;!
FL[! ! ! F5,3!/,2)*39!./24,!
FjKAF?! ! F;*)2-*6,!51&051&/#(2-*&3!
K7NS! ! ! K&(#2</#(24*),!9,(!,(,<-/&51&/,0*0!
K"?!! ! ! K1&0512-,!:'..,/,)!02(*3,!
KOL!! ! ! K&(#4,/20,!<12*3!/,2<-*&3!
KOH7! ! ! K/&(*.,/2-*39!<,((!3'<(,2/!23-*9,3!
K$! ! ! K/&5*)*'4!*&)*),!
K$EE!! ! ! K1&0512-*)#(*3&0*-&(YWY+*320,!/,(2-,)!+*320,!
K$K! ! ! KOH7!*3-,/2<-*39!5,5-*),!
KM?[! ! ! K1,3#(4,-1#(0'(.&3#(!.('&/*),#!
K&(! ! ! K&(#4,/20,!
K&(8&4! ! K&(#4,/20,!)&42*3!&.!(*920,!8!
KFRLMB!! ! M*-&<1&3)/*2(!LH7!5&(#4,/20,!
KK*! ! ! K#/&51&0512-,!
K/,YLO! ! ! K/,Y/,5(*<2-*&3!<&45(,;!
K/*4! ! ! 8H7!5/*420,!!
K/*4YK&(! ! 8H7!),5,3),3-!5/*420,Y5&(#4,/20,!
KLL! ! ! K&0-Y/,5(*<2-*6,!/,52*/!
KILF! ! ! K'/&4#<*3!e/,0*0-23<,Y9,3,f!
KJ8[!! ! ! K&(#6*3#(*),3,!)*.('&/*),!!
PYKOL! ! ! P'23-*-2-*6,!KOL!
L2)!e9,3,f! ! L2)*2-*&3!
L,)Y&;! ! ! L,)'<-*&3Y&;*)2-*&3!
6!
!
/,6!e9,3,f! ! L,6,/0*&3(,00!e9,3,f!
L$L! ! ! L,6U!$3-,/2<-*&3!L,9*&3!!
L[! ! ! L,5(*<2-*&3!.&/+!!
L[O! ! ! L,5(*<2-*&3!.2<-&/!O!
L[KO!! ! ! L,5(*<2-*&3!.&/+!5/&-,<-*&3!<&45(,;!!
L$! ! ! L,5(*<2-*&3!*3-,/4,)*2-,0!!
L$BFR0!!! ! L*:&3'<(,&-*),!*3<&/5&/2-*&3!-1/&'91&'-!-1,!(299*39!0-/23)!
LF?!! ! ! L,2<-*6,!&;#9,3!05,<*,0!
LK7! ! ! L,5(*<2-*&3!5/&-,*3!7!!
LH7! ! ! L*:&3'<(,*<!2<*)!! !
LH7*! ! ! LH7!*3-,/.,/,3<,!
LLM! ! ! LH7!L,<&93*-*&3!M&-*.!!
/LH7! ! ! L*:&0&42(!LH7!
LBYKOL!!! ! L,6,/0,!-/230</*5-*&3!KOL!
?8M! ! ! ?-/23)!)*05(2<,4,3-!4&),(!!
?8?! ! ! ?&)*'4!)&),<#(!0'(512-,!
?AKLA!!! ! ?H[V!1*0-&3,Y(*3+,/!KA8!23)!L$HN!.*39,/!)&42*3Y<&3-2*3*39!1,(*<20,!
??"! ! ! ?*39(,Y0-/23)!:/,2+0!!
008H7!! !! ! ?*39(,Y0-/23),)!8H7!
?IMF! ! ! ?42((!I:*b'*-*3Y(*+,!M&)*.*,/!
?JCD! ! ! ?*4*23!6*/'0!CD!
?! ! ! ?,/*3,!
?Y5120,!! ! ?#3-1,0*0!5120,!
?F"! ! ! ?'5,/!&5-*42(!:/&-1!
008H7!! !! ! ?*39(,Y0-/23),)!8H7!
B!! ! ! B1#4*3,!
BB! ! ! B1#4*)*3,Y-1#4*)*3,!)*4,/!
6*!
!
B7?! ! ! B,/4*32-*&3Y200&<*2-,)!0,b',3<,!!
B<YHSL! ! ! B/230</*5-*&3Y<&'5(,)!HSL!
B,-! ! ! B,-/2<#<(*3,!!
B[7M!! ! ! M*-&<1&3)/*2(!-/230</*5-*&3!.2<-&/!7!
B*4! ! ! B*4,(,00!
B*5*3! ! ! B*4,(,00!*3-,/2<-*39!5/&-,*3!
BR?! ! ! B/230Y(,0*&3!0#3-1,0*0!
B&5"KU!! ! 8H7!-&5&*0&4,/20,!$$Y:*3)*39!5/&-,*3!U!!
B&5/*4!!! ! B&5&*0&4,/20,Y5/*420,!
-LH7! ! ! B/230.,/!LH7!
Bg$HERS!! ! B`!95CY(*+,!5/&-,*3!%*-1!*3-/24*-&<1&3)/*2(!3'<(,&*)!(&<2(*02-*&3!
I:! ! ! I:*b'*-*3!
I"M! ! ! I:*b'*-*3!:*3)*39!4&-*.!!
I"o!! ! ! I:*b'*-*3!:*3)*39!d*3<!.*39,/!!
IVF?! ! ! IVY&0-,&02/<&42!
I?K! ! ! I:*b'*-*3!05,<*.*<!5/&-,20,!
IJ! ! ! I(-/26*&(,-!
gB! ! ! g*()!-#5,!!
jK!! ! ! j,/&),/42!5*94,3-&0'4!!
jKYJ!! ! ! j,/&),/42!5*94,3-&0'4!62/*23-!
jLOO!! ! ! jY/2#!</&00Y<&45(,4,3-*39!5/&-,*3!
!
!
!
! !
! !
! !
6**!
!
D(&'!-/!E()=,%&!
[*9'/,!U>U! ?-/'<-'/,!&.!8H7!4&(,<'(,!23)!:20,!52*/*39!0#0-,4! V!
[*9'/,!U>V! F/*9*3!&.!8H7!/,5(*<2-*&3! W!
[*9'/,!U>W! K&(!?Y5/*4!<&45(,;! C!
[*9'/,!U>C! R299*39!0-/23)!0#3-1,0*0!23)!/,5(*<2-*&3!.&/+! C!
[*9'/,!U>Z! M*-&<1&3)/*2(!/,05*/2-&/#!<12*3!23)!4-8H7!4&(,<'(,! `!
[*9'/,!U>\! M&),(0!&.!4-8H7!/,5(*<2-*&3!:#!-1,!4*-&<1&3)/*2(!/,5(*0&4,! ^!
[*9'/,!U>`! 8H7!)2429,0!23)!/,52*/!4,<123*040! UU!
[*9'/,!U>]! [&/42-*&3!&.!IJ!51&-&5/&)'<-0!*3!8H7! UV!
[*9'/,!U>^! O,((!<#<(,!<1,<+5&*3-0! UW!
[*9'/,!U>UD! 7BL!2<-*62-*&3!23)!O1+U!52-1%2#0! UW!
[*9'/,!U>UU! KOH7!4&)*.*<2-*&30!23)!8H7!)2429,!-&(,/23<,! U]!
[*9'/,!U>UV! 8H7!5&(#4,/20,!.24*(*,0! U^!
[*9'/,!U>UW! O&((2:&/2-*6,!BR?!4,<123*040!520-!IJ!51&-&5/&)'<-0! VD!
[*9'/,!U>UC! K/&+2/#&-*<!23)!,'+2/#&-*<!5/*420,0! V`!
[*9'/,!U>UZ! B%&!4,-2(!*&30!4,<123*04!&.!3'<(,&-*)#(Y-/230.,/!/,2<-*&3! V`!
[*9'/,!U>U\! [*6,!0-,50!&.!8H7!5/*4*39!4,<123*04! V]!
[*9'/,!U>U`! 7/<12,&Y,'+2/#&-*<!5/*420,!.24*(#!4,4:,/0! WD!
[*9'/,!U>U]! 7/<12,&Y,'+2/#&-*<!5/*420,0!.24*(#!<(2),0! WU!
[*9'/,!U>U^! M'(-*5(,!2(*934,3-!&.!,'+2/#&-*<!K/*4K&(!1&4&(&9',0! WU!
[*9'/,!W>U! B/230*,3-!A7YK/*4K&(!-/230.,<-*&3!.&/!<,(('(2/!(&<2(*02-*&3! \]!
[*9'/,!W>V! B/230*,3-!&6,/Y,;5/,00*&3!&.!K/*4K&(!23)!0':Y<,(('(2/!./2<-*&32-*&3!
232(#0,0!
\]!
[*9'/,!W>W! O&452/*0&3!B2b423!23)!?a"L!9/,,3!PYKOL!-,<13&(&9*,0! `D!
[*9'/,!W>C! PYKOL!5/*4,/0!62(*)2-*&3!.&/!?a"L!9/,,3!-,<13&(&9#X!-,45(2-,!-*-/2-*&3!
2002#!
`U!
[*9'/,!W>Z! 732(#0*0!&.!K/*4K&(!LH7*!+3&<+)&%3!&3!4-8H7!<&5#!3'4:,/! `U!
[*9'/,!W>\! K/*4K&(!LH7*!+3&<+)&%3!&5-*4*02-*&3!23)!4-8H7!<&5#!3'4:,/!232(#0*0! `V!
[*9'/,!W>`! B*4,!<&'/0,!PYKOL!232(#0*0!&.!4-8H7!<&5#!3'4:,/!*3!IVF?!<,((0! `V!
[*9'/,!W>]! ?&'-1,/3!:(&-!232(#0*0!&.!4-8H7!<&5#!3'4:,/!*3!IVF?!<,((0! `W!
[*9'/,!W>^! PYKOL!232(#0*0!&.!4-8H7!<&5#!3'4:,/!*3!62/*&'0!1'423!<,((!(*3,0! `W!
[*9'/,!W>UD! PYKOL!232(#0*0!&.!4-8H7!<&5#!3'4:,/!*3!8BCD!<,((!(*3,0! `C!
[*9'/,!W>UU! ?&'-1,/3!:(&-!232(#0*0!&.!4-8H7!<&5#!3'4:,/!*3!8BCD!<,((!(*3,0! `C!
6***!
!
[*9'/,!W>UV! V8Y7NS!232(#0*0!&.!4-8H7!*3!()&*($%'+,+'8BCD!<,((!(*3,0! `Z!
[*9'/,!W>UW! O1(&/2451,3*<&(!/,0*0-23<,!2002#! `\!
[*9'/,!W>UC! O,((!5/&(*.,/2-*&3!232(#0*0!&.!K/*4K&(!LH7*!),5(,-,)!&0-,&02/<&42!<,((!
(*3,0!
`\!
[*9'/,!W>UZ! 8,-,/9,3-!/,0*0-23-!.&<*!.&/42-*&3!.&((&%*39!8H7!)2429,!-/,2-4,3-0!*3!
K/*4K&(!0-2:(,!A,+V^W!<,((!(*3,0!
``!
[*9'/,!C>U! [*/0-!-2/9,-*39!0-/2-,9#!&.!()&*($%'9,3,!)*0/'5-*&3!*3!8BCD!<,((0! ]`!
[*9'/,!C>V! N2-,%2#!<(&3*39!0#0-,4!&.!-"'./%%01'K/*4K&(!EF!<&30-/'<-0! ]]!
[*9'/,!C>W! O(&3,0!&:-2*3,)!.&((&%*39!-1,!-/230.,<-*&3!&.!1*0-*)*3&(!-1,3!5'/&4#<*3!
<&30-/'<-0!
]^!
[*9'/,!C>C! O(&3,0!&:-2*3,)!.&((&%*39!-1,!-/230.,<-*&3!&.!5'/&4#<*3!-1,3!1*0-*)*3&(!
<&30-/'<-0!
]^!
[*9'/,!C>Z! A'423!K/*4K&(!<&3)*-*&32(!8BCD!1,-,/&d#9&-,!egB_A$?f!<(&3,0! ^D!
[*9'/,!C>\! ?,<&3)!2((,(,!-2/9,-*39!*3!gB_A$?!1,-,/&d#9&-,!<(&3,0!,;5/,00*39!1'423!
K/*4K&(!<&3)*-*&32((#!
^U!
[*9'/,!C>`! ?,<&3)!-2/9,-*39!0-/2-,9#!&.!()&*($%!9,3,!)*0/'5-*&3!*3!8BCD!<,((0! ^U!
[*9'/,!C>]! 7((,(,!-2/9,-*39!0-/2-,9#!V@!9,3,/2-*39!-%&!1'423!<&3)*-*&32(!EF!<(&3,0! ^V!
[*9'/,!C>^! O12/2<-,/*02-*&3!&.!1'423!<&3)*-*&32(!EF! ^V!
[*9'/,!C>UD! O12/2<-,/*02-*&3!&.!1'423!K/*4K&(!<&3)*-*&32(!EF!<(&3,0!.&((&%*39!
)&;#<#<(*3,!/,5/,00*&3!
^V!
[*9'/,!C>UU! F5-*4*02-*&3!&.!)&;#<#<(*3,!-/,2-4,3-0!*3!1'423!<&3)*-*&32(!EF!<(&3,0! ^W!
[*9'/,!C>UV! A'423!K/*4K&(!(&<2(*02-*&3!*3!8BCD!<,((0! ^W!
[*9'/,!C>UW! A'423!K/*4K&(!<,(('(2/!(&<2(*02-*&3!*3!/,(2-*&3!-&!<,((!<#<(,!232(#0*0! ^C!
[*9'/,!C>UC! ?,<&3)!2((,(,!-2/9,-*39!0-/2-,9#!9,3,/2-*39!-%&!-"'./%%01!()&*($%!EF!
<(&3,0!
^C!
[*9'/,!C>UZ! O&3.*/42-*&3!&.!-%&!()&*($%!8BCD!+3&<+&'-!<(&3,0!:#!?&'-1,/3!:(&-!23)!
LBYKOL!232(#0,0!
^C!
[*9'/,!C>U\! K/&(*.,/2-*&3!&.!()&*($%!+3&<+&'-!<(&3,0! ^Z!
[*9'/,!C>U`! O,((!<#<(,!232(#0*0!&.!()&*($%!+3&<+&'-!<(&3,0! ^Z!
[*9'/,!C>U]! 8H7!/,5(*<2-*&3!*3!'35,/-'/:,)!?!5120,! ^\!
[*9'/,!Z>U! 7:3&/42(!<&(&3*,0!&3!4,-1#(<,(('(&0,!&.!()&*($%+,+'<,((0!'3),/!
'35,/-'/:,)!<&3)*-*&30!
UD]!
[*9'/,!Z>V! 7:3&/42(!<&(&3*,0!&3!4,-1#(<,(('(&0,!2.-,/!8H7!)2429*39!-/,2-4,3-0! UD]!
[*9'/,!Z>W! S..,<-!&.!IJYO!*//2)*2-*&3!&3!<,((!4&/51&(&9#!23)!<,((!0'/6*62(! UD^!
*;!
!
[*9'/,!Z>C! O,((!6*2:*(*-#!2002#!'0*39!O,((B*-,/Y"(',!-,<13&(&9#! UUD!
[*9'/,!Z>Z! O,((B*-,/Y"(',!6*2:*(*-#!2002#!2.-,/!IJYO!*//2)*2-*&3! UUU!
[*9'/,!Z>\! O,((B*-,/Y"(',!6*2:*(*-#!2002#!2.-,/!CHPF!<1/&3*<!-/,2-4,3-! UUV!
[*9'/,!Z>`! O,((B*-,/Y"(',!6*2:*(*-#!2002#!2.-,/!jY/2#!*//2)*2-*&3! UUW!
[*9'/,!Z>]! 732(#0*0!&.!8H7!/,5(*<2-*&3!/2-,!.&((&%*39!IJYO!*//2)*2-*&3! UUC!
[*9'/,!Z>^! L,5(*<2-*&3!.&/+!5/&9/,00*&3!2.-,/!IJYO!*//2)*2-*&3! UUC!
[*9'/,!Z>UD! K&0-Y/,5(*<2-*&3!/,52*/!2.-,/!IJYO!*//2)*2-*&3! UU\!
[*9'/,!Z>UU! 732(#0*0!&.!<,((!<#<(,!5/&9/,00*&3!.&((&%*39!IJYO!*//2)*2-*&3! UU\!
[*9'/,!Z>UV! O,((!<#<(,!5/&9/,00*&3!&.!"/)I!5'(0,Y(2:,((,)!<,((0! UU`!
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acting  specifically  for  the  recognition  of  the  photoproducts  not  involved  in  tc-­‐NER;  CS  cells  are  
deficient  in  tc-­‐NER  factors  CSA  and  CSB,  which  are  needed  to  assist  RNA  polymerase  II  (RNA  pol  
II)  progression  when  transcription  blockages  are  encountered.  CSB  has  also  been  shown  to  be  
involved  in  recruiting  NER  factors  to  stalled  RNA  pol  II  (Fousteri  et  al.,  2006).  Most  TTD  cells  are  
deficient  in  transcription  factor  IIH  (TFIIH),  a  ten-­‐subunit  complex  needed  for  DNA  unwinding  
activity  involved  in  both  global  and  tc-­‐NER.  Indeed  patient  cells  with  mutations  in  XPB,  XPD  and  
TTDA   genes,   all   encoding   different   subunits   of   TFIIH,   present   characteristic   TTD   symptoms.  
There  is  a  non-­‐photosensitive  form  of  the  disease.  Some  patients  with  this  form  are  mutated  in  
TTDN1,  but  the  functions  of  the  gene  involved  are  still  unknown  (Stefanini  et  al.,  2010).    
  
1.5.  Intra-­‐S  checkpoint  
Genome  duplication  is  an  essential  and  complex  task  our  cells  have  to  perform  every  cell  cycle.  
Thus,  a  specific  regulatory  mechanism,  called  the  intra-­‐S  checkpoint,  monitors  this  process  to  
ensure  the  efficient  completion  of  this  task  before  mitosis.  
  
1.5.1.  Cell  cycle  checkpoints:  several  points  of  control  
Cell  cycle  checkpoints  are  control  mechanisms  assuring  the  passage  from  one  cell  cycle  phase  
to  another  can  be  achieved  safely.  Cyclin-­‐dependent  kinases  (CDK)  1  and  2  are  two  key  factors  
of   cell   cycle   regulation   (Hochegger   et   al.,   2008).   G1/S   checkpoint,   controlled   by   CDK2,  
determines  whether  the  cells  can  replicate  their  genome  and  enter  into  another  cycling  phase  
(S-­‐phase)  or  remain  in  a  non-­‐cycling  (G0)  stage  (figure  1.9A).  The  G2/M  checkpoint,  controlled  
by  CDK1,  assures  all  chromosomes  have  been  correctly  duplicated  before  authorizing  the  entry  
into  mitosis   and   cell   division   (cytokinesis)   (figure   1.9A).  Moreover,   two   internal   checkpoints  
can  be  activated  during  S  and  M  phases  to  ensure  replication  and  mitosis  processes  are  fully  
completed   (figure   1.9A).   Indeed,   the   mitotic   spindle   checkpoints   intervenes   at   the   end   of  
metaphase   to   verify   all   the   chromosomes   are   correctly   aligned   onto   the   metaphase   plate  
before   proceeding   into   chromosome   segregation   (Sullivan   and  Morgan,   2007)   (figure   1.9A).  
The  intra-­‐S  checkpoint  on  the  other  hand,  monitors  the  progression  of  RFs  and  regulates  origin  
firing  (see  section  1.5.2)  (figure  1.9B  and  1.10A).  In  order  to  approve  the  passage  to  the  next  
phase   of   the   cell   cycle,   checkpoint  mechanisms   also  monitor   the   presence  of  DNA  damage.  
CDK1  and  2  are  both  tightly  controlled  by  DNA  damage  checkpoint  mechanisms  (Johnson  and  
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1.6.2.  DNA  polymerase  eta  
Pol   ?   (or   RAD30A   in   yeast)   is   the   only   TLS   polymerase   directly   associated   with   a   genetic  
disorder,   XP-­‐V,   thus   explaining   why   it   has   been   studied   extensively   (Masutani   et   al.,   1999;  
Johnson  et  al.,  1999b).  XP  is  characterised  by  sensitivity  to  sunlight  and  a  predisposition  to  skin  
cancers,  but  whilst  the  majority  of  XP  diseases  are  caused  by  a  defect  within  the  NER  pathway  
(Lehmann  et  al.,  2011)  (section  1.4.1),  XP-­‐V  patients,  lacking  functional  Pol  ?,  are  defective  in  
DNA  synthesis  following  UV  irradiation  (Lehmann  et  al.,  1975).  This  is  due  to  the  principal  role  
of  Pol  ??in  bypassing  the  most  frequent  UV  photoproduct  CPDs,  which  is  achieved  in  an  error  
free  manner  as  two  adenines  are  inserted  opposite  a  thymidine-­‐thymidine  (TT)  dimer  (Johnson  
et  al.,  1999a)  (figure  1.13A).  Moreover,  the  polymerase  can  remodel  the  distorted  DNA  helix  
into  a  stable  B-­‐????????????????????????????????????????????????????????????????????????????????
frameshift  mutations  occurring  downstream  of   the   lesion   (Biertümpfel  et  al.,  2010).   In  Pol  ?  
deficient   XP-­‐V   cells,   Pol??   has   been   reported   to   take   over   this   responsibility   with   the  
collaboration  of  Pol??   and  ?   in   an   error-­‐prone  mechanism   (Dumstorf  et   al.,   2006;   Ziv  et   al.,  
2009)   (figure   1.13A).   This   could   then   explain   why   XP-­‐V   cells   present   higher  mutations   rate  
following  UV  light  exposure  (Maher  et  al.,  1976;  reviewed  in  Cordonnier  and  Fuchs,  1999).  
A   role   of   Pol   ?   during   unchallenged   S-­‐phase   has   also   been   demonstrated   by   the  
Hoffmann   group.   Their   research   attributed   the   recruitment   of   Pol  ?   at   chromosome   fragile  
sites  and  the  involvement  of  both  Pol  ?  and  ?  at  naturally  occurring  non-­‐B  DNA  structures,  like  
G-­‐quadruplexes   (G4)   (Rey  et   al.,   2009;   Bétous   et   al.,   2009).   Pol  ?,   like   Rev1,   seems   to   also  
participate   in   another   important   DNA   metabolic   process   with   the   generation   of   somatic  
mutations  during   immunoglobulin  (Ig)  gene  hypermutation  (Kano  et  al.,  2012).  Following  the  
deamination  of  a  cytosine  to  uracil,   initiated  by  AID   (activation-­‐induced  by  deaminase),  DNA  
replication  or   repair  mechanisms  generate  mutations  depending  on  the  polymerase   involved  
in  the  process.  Pol  ?  was  shown  to  be  mutagenic  opposite  A  and  T  predominantly  (Zeng  et  al.,  
2001).  In  addition  to  this  role  in  single-­‐base  substitution  during  Ig  diversification,  Pol  ?  has  also  
been  shown  to  participate  in  HR  mediated  gene  conversion  and  DSB  repair  (Kawamoto  et  al.,  
2005).  
  
1.6.3.  DNA  polymerases  kappa  and  iota  
According  to  phylogenetic  analysis  of  the  Y-­‐family  polymerases,  Pol  ?  is  the  closest  member  to  
E.  coli  Pol  IV  (encoded  by  DNA  damage-­‐inducible  DinB  gene)  and  is  the  most  conserved  of  all  Y-­‐
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(SNF2,  histone-­‐linker,  PHD  and  RING   finger  domain-­‐containing  helicase)  generate  only  minor  
defects   (Hendel  et   al.,   2011;   Krijger  et   al.,   2011).  Despite   poly-­‐ubiquitylation  of   PCNA  being  
shown  to  occur  in  mammalian  cells  (Chiu  et  al.,  2006;  Brun  et  al.,  2010)  mono-­‐ubiquitylation  of  
PCNA   remains   the   predominant   event   (Kannouche  et   al.,   2004;   Lehmann,   2011).  Moreover,  
Rad5   mammalian   homologues   have   been   shown   to   be   involved   in   the   recruitment   of   the  
correct  Y-­‐family  polymerase  to  prevent  mutagenicity  during  damage  bypass  (Lin  et  al.,  2011).  
Indeed,   in   this   study  the  HLTF  pathway   is  activated   following  UV   irradiation  whilst   SHPRH   in  
response  to  MMS  treatments.  Both  E3  ligases  compete  for  the  binding  with  Rad18,  thus  SHPRH  
recruitment   is   accompanied   with   HLTF   degradation,   and   activation   of   PCNA   poly-­‐
ubiquitylation,  leading  to  Pol  ?  recruitment  (Lin  et  al.,  2011).  On  the  other  hand,  following  UV  
irradiation,  Rad18-­‐SHPRH  interaction  is  suppressed,  allowing  the  binding  of  HLTF  to  Rad18  and  
PCNA  mono-­‐ubiquitylation,  thus  the  recruitment  of  Pol  ?;  by  this  way,  mutagenic  Pol  ??cannot  
operate  (Lin  et  al.,  2011).  PCNA  ubiquitylation  state,  mono  or  poly-­‐ubiquitylated  appears  then  
to  be  more  complicated  than  originally  anticipated  with  yeast  genetics  for  the  determination  
of  the  appropriate  damage  tolerance  pathway.  
Nonetheless,  mono-­‐ubiquitylation  of  PCNA  seems  to  be  a  trigger  for  the  loading  of  Y-­‐
family   polymerases   onto   the   stalled   primer   terminus   via   an   interaction   between   the  
polymerases  C-­‐ter  ubiquitin  binding  motif   (UBM  or  UBZ  when  contains  a  zinc-­‐finger  domain)  
and  the  ubiquitin  moiety  of  the  DNA  clamp  PCNA  (Kannouche  et  al.,  2004;  Bienko  et  al.,  2005;  
Yoon  et  al.,  2012).  Also,  Pol  ?,  ?,  and  ?,  contain  PIP  boxes  allowing  further  contacts  with  the  
polymerase  sliding  clamp  (Haracska  et  al.,  2001a,  2001b,  2002a).  This  simple  model  of  PCNA  
ubiquitylation   triggering   the   recruitment   of   TLS   polymerases   to   bypass   the   lesion,   originally  
described  in  yeast,  has  been  greatly  complicated   in  recent  years  with  apparent  contradicting  
data   provided   in  mice,   chicken,   and   human   cells.   Briefly,   it   has   been   reported   that   TLS   can  
occur   independently   of   PCNA   ubiquitylation,   in   both   DT40   (Edmunds   et   al.,   2008)   and  with  
human  cell  extracts  (Nikolaishvili-­‐Feinberg  et  al.,  2008;  Schmutz  et  al.,  2010).  However,  other  
studies  state  that  Rad18  is  indispensable  for  TLS  function  in  both  mice  and  human  cells  (Yoon  
et   al.,   2012),   and   similarly   PCNA   ubiquitylation   was   said   to   be   also   critical   for   TLS  
(Temviriyanukul  et  al.,  2012).  An  elegant  study  from  the  Livneh  laboratory  attempted  to  solve  
this  matter  by  demonstrating  in  mammals  PCNA  ubiquitylation  is  an  important  mechanism  and  
is   required   for  a  maximal  TLS  response,  but   is  not  an  essential  process   (Hendel  et  al.,  2011).  
Participation  of  Rev1  or  direct  interaction  with  PCNA  via  the  PIP  box  motif  or  other  interaction  
with   unknown   ubiquitylated   protein   (Gohler   et   al.,   2011)   can   also   contribute   to   the  
recruitment  of  TLS  polymerases  to  the  damage  site.  Crosstalk  between  the  different  pathways  
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3.6.  Discussion  
Preliminary   characterisation   of   a   novel   eukaryotic   DNA   primase-­‐polymerase,   PrimPol,   was  
undertaken   to   first   determine   the   localisation   of   this   protein   in   human   cells.  
Immunofluorescence   detection,   using   a   HA-­‐tagged   version   of   the   protein   and   cellular  
fractionation  experiments,  revealed  a  predominantly  cytoplasmic  localisation  of  PrimPol.  This  
initial  work  was  pursued  and  established  the  mitochondrial  localisation  of  PrimPol  (Sean  Rudd,  
Aidan  Doherty,  personal  communication;  appendix  A).  It  was  thus  decided  to  examine  mtDNA  
maintenance  following  PrimPol  depletion  by  RNAi  in  human  cells  and  also  in  DT40  KO  cell  lines.  
A  Q-­‐PCR  approach  revealed  an  unexpected  increase  in  mtDNA  copy  number,  also  confirmed  in  
avian  cells  by  Southern  blot  analysis.  However,  mtDNA  RI  were  unperturbed  in  the  absence  of  
PrimPol  when  analysed  by  2D-­‐gel  electrophoresis. Interestingly,  a  preliminary  chloramphenicol  
assay  suggested  PrimPol  might  also  participate  in  the  generation  of  mtDNA  mutations  possibly  
via   error-­‐prone   DNA   synthesis   within   the   organelle,   but   this   assay   needs   to   be   confirmed.  
Involvement   of   PrimPol   in   nuclear   processes   was   also   suspected   as   cell   proliferation   was  
significantly  affected  following  PrimPol  RNAi  depletion.  Moreover,  a  recruitment  of  this  novel  
primase-­‐polymerase   to   chromatin   following  DNA   damage   treatments  was   also   visualised   by  
immunofluorescence  studies  performed  with  stably  tagged  PrimPol  cell  line.  Given  PrimPol   in  
vitro  TLS  capability  (appendix  A),  it  can  be  hypothesised  the  protein  is  recruited  to  the  nucleus  
to  bypass  specific  DNA  lesions  encountered  by  the  replication  machinery.      
Together,  these  data  strongly  suggest  both  mitochondrial  and  nuclear  roles  for  PrimPol  
??? ???????????? ???? ??????? ???????? ?????????? ????????? ??? TLS   or   re-­‐priming   activities   in   both  
compartments.  
  
?????????? ????????????????????????? ???????? ???  
Despite  the  relative  simplicity  of  this  small  plasmid  genome  (~16  kb),  mechanisms  underlying  
mtDNA   replication   are   still   under   debate   (Bogenhagen   and   Clayton,   2003a   and   b;   Holt   and  
Jacobs,   2003).   Moreover,   the   first   study   describing   a   DNA   primase   activity   within   the  
mitochondrion   did   not   identify   the   protein   responsible   for   this   activity   (Wong   and   Clayton,  
1985).  Therefore,  it  was  tempting  at  first  to  attribute  this  role  to  this  novel  eukaryotic  primase  
?????? ????????? ??? ??? ???????? ??????? ????? ??????????? ???????? ???? ???????? ??? ???? ?????????
??????????????????? ???????????????????????????????????????????????????? ???????????????????
or  its  complete  absence  (DT40  KO  cells),  demonstrate  that  this  novel  primase  is  not  essential  
]D!
!
.&/!-1,!/,5(*<2-*&3!&.!4-8H7!4&(,<'(,0@!20!%*-1&'-!-1*0!,3d#4,!-1,!3'4:,/!&.!4-8H7!<&5*,0!
%20!*3</,20,)!e.*9'/,0!W>Z!-&!W>UUf>!M&/,&6,/@!3&!0*93*.*<23-!L$0!62/*2-*&3!%20!&:0,/6,)!:#!V8Y
7NS! 232(#0*0! *3! :&-1! 0#0-,40! e.*9'/,! W>UV! .&/! 8BCD! 232(#0*0! 23)! L,*0@! "*23<1*! 23)! A&(-@!
'35':(*01,)!)2-2@!.&/!1'423!K/*4K&(!LH7*!<,((0f>!['/-1,/4&/,@!*3!-1,!,2/(#!0-')*,0!),0</*:*39!
-1,! 5/*420,! 2<-*6*-#! *0&(2-,)! *3! 4*-&<1&3)/*2! ,;-/2<-0@! -1,! 2'-1&/0! )*0<&6,/,)! -1,! ,3d#4,!
3,,),)!-&!:,!200&<*2-,)!%*-1!0-/'<-'/2(!LH7!!-&!:,!2<-*6,!eg&39!23)!O(2#-&3@!U^]\f>!A&%,6,/@!
-1*0! 05,<*.*<! .,2-'/,! *0! 3&-! /,b'*/,)! .&/! K/*4K&(! 2<-*6*-#! e7*)23! 8&1,/-#! 23)! R'*0! "(23<&@!
5,/0&32(! <&44'3*<2-*&3f@! <&3.*/4*39! 23&-1,/! ,3d#4,! *0! /,05&30*:(,! .&/! 4-8H7! *3*-*2-*&3>!
O&30*0-,3-! %*-1! -1*0@! 01&/-(#! 2.-,/! -1,! :,9*33*39! &.! &'/! *36,0-*92-*&30! &3! K/*4K&(@! LH7!
5&(#4,/20,! KFRLMB! 120! :,,3! ),0</*:,)! -&! :,! /,05&30*:(,! .&/! *3*-*2-*39!4-8H7! /,5(*<2-*&3!
eg23/&&*=!23'/%"????????????????????????????????? ?????? ??????? ???????????? ???????? ????????
????????????? ???????????????????23'/%"@!VDUDf>!!!
!
9"G"4"#O*2)J#*+#I&/AI*2#/1#A%657#A3/1%)131()#
9"G"4"!"#6*)J#I&/AI*2#/1+2')1()#A%657#%'&1*?)&#?/3#657#,3A3B)#%*2)&31()#*&#&)83/&f#
S6,3!-1&'91!K/*4K&(!*0!5/,0,3-!%*-1*3!-1,!4*-&<1&3)/*&3@!*-0!),5(,-*&3!)*)!3&-!*3-,/.,/,!%*-1!
4-8H7!L$0!20!3&!)*..,/,3<,0!%,/,!&:0,/6,)!:#!V8Y7NS!232(#0*0@!20!4,3-*&3,)!*3!-1,!5/,6*&'0!
0,<-*&3>!7))*-*&32((#@!K/*4K&(!),5(,-*&3!)*)!3&-!9,3,/2-,!2!),</,20,!&.!4-8H7!<&5#!3'4:,/!
(*+,!),5(,-*&3!&.!4*-&<1&3)/*2(!<&/,!/,5(*0&4,!<&45&3,3-0!0'<1!20!K&(!??eA23<,!23'/%"@!VDDZT!8*!
L,! 23' /%"@! VDD^f! &/! Bg$HERS! eB##3*0422! 23' /%"@! VDDCf>! $30-,2)@! 23! *3</,20,! &.! 4-8H7! <&5#!
3'4:,/!%20!&:0,/6,)!.&((&%*39!K/*4K&(!LH7*!),5(,-*&3! *3!1'423!e.*9'/,0!W>Z! -&!W>^f!23)! *3!
8BCD!()&*($%'+,+!<,((0!e.*9'/,0!W>UD!23)!W>UUf>!B1,0,!)2-2!2/,!<&30*0-,3-!%*-1!K/*4K&(!3&-!:,*39!
/,b'*/,)!.&/!-1,!)'5(*<2-*&3!&.!,6,/#!4-8H7!4&(,<'(,@!23)!-1,/,.&/,@!2!/&(,!.&/!K/*4K&(!*3!-1,!
/,52*/!23)_&/! -&(,/23<,!&.!4-8H7!)2429,!<&'()!:,!0'05,<-,)>! $3),,)@!20!4-8H7!/,0*),0! *3!
<(&0,! 5/&;*4*-#! -&! -1,! FjKAF?! 52-1%2#! 9,3,/2-*39! LF?! 23)! 4-8H7! 4&(,<'(,0! 2/,! 3&-!
5/&-,<-,)! :#! 1*0-&3,! 5/&-,*30@! -1,! 4*-&<1&3)/*2(! 9,3&4,! *0! 2-! 0':0-23-*2(! /*0+! &.! :,*39!
,3)&9,3&'0(#!)2429,)!ej'!23'/%"@!VDD^T!O(*3,!?8@!VDUVf>!7(-1&'91!*-!*0!<&'3-,/*3-'*-*6,!-&!0,,!
23!*3</,20,!&.!4-8H7!<&5#!3'4:,/!*3!-1,!5/,0,3<,!&.!4&/,!4-8H7!)2429,)!4&(,<'(,0@!*-!*0!
3&-!'35/,<,),3-,)>! $3),,)@!M2(2+1&62!23)!<&Y%&/+,/0!2(0&!&:0,/6,)!23! *3</,20,!&.!4-8H7!
<&5#!3'4:,/!*3!/2-!-*00',0!,;5&0,)!-&!*&3*0*39!/2)*2-*&3!eM2(2+1&62!23'/%"@!VDDZf>!B1,!2'-1&/0!
0'99,0-,)! <,((0! ,3<&'3-,/,)! 23! ,3,/9#! ),.*<*,3<#! )',! -&! -1,! *3<252<*-#! &.! -1,! FjKAF?!
52-1%2#!-&!9,3,/2-,!7BK!20!2!/,0'(-!&.!)2429,)!&/!4'-2-,)!4-8H7!.&((&%*39!*//2)*2-*&3>!70!2!
]U!
!
/,0'(-@! 23! *3</,20,! &.! 3,%(#! 0#3-1,0*0,)!4-8H7!%&'()! 2((&%! <&45,302-*&3! &.! -1,! 9,3&4*<!
*3.&/42-*&3! (&00>! B1,0,! <&3<('0*&30! .&((&%! -%&! /,<,3-!4&),(0! ,;5(2*3*39! 1&%!4*-&<1&3)/*2(!
1,-,/&5(204#!<23!:,!/,9'(2-,)!:#!-1,!&/923,((,! -&!-&(,/2-,!2!5/&5&/-*&3!&.!4'-2-,)!4-8H7!
4&(,<'(,0>!$3),,)@!/,05*/2-&/#!.'3<-*&30!126,!:,,3!/,5&/-,)!-&!:,<&4,!*452*/,)!%1,3!4&/,!
-123!\Ds!&.!4-8H7!<&5*,0!:,<&4,!4'-2-,)!eA2#201*!23'/%"@!U^^Uf>!B1,! .*/0-!4&),(!0'99,0-0!
7BK!/,b'*/,4,3-!&/!3'<(,&-*),0!262*(2:*(*-#!<&'()!:,!/,05&30*:(,!.&/!-1,!.('<-'2-*&30!&.!4-8H7!
<&5#! 3'4:,/0! eB239!23' /%>@! VDDDf>! B1,! 0,<&3)!4&),(! 5/&6*),0! 2! 9(&:2(! 230%,/! :#! ),5*<-*39!
4-8H7!/,9'(2-*&3!20!2!9*23-!0<2(,@!&/),/*39!3,%!0#3-1,0*0!&/!),9/2)2-*&3!&.!4-8H7!4&(,<'(,0!
%1,3! ,*-1,/! (&%,/! &/! 1*91,/! -1/,01&()! (,6,(0! 2/,! /,2<1,)! eO(2#! M&3-*,/! 23' /%"@! VDUDf>! B1,!
2'-1&/0!5/&5&0,)!(&%!4-8H7!<&5#!3'4:,/! (,6,(!<23!:,!),-,<-,)!:#!-1,!&/923,((,!-&!-/*99,/!
0#3-1,0*0! &.! 3,%! 4-8H7! 4&(,<'(,0! 23)! 7&#2' 72)1/@! 2:&6,! 2! 1*91,/! -1/,01&()@! 4-8H7!
4&(,<'(,0! 2/,! -2/9,-,)! .&/! ),9/2)2-*&3>! 7<<&/)*39! -&! -1*0! 4&),(@! *.! -&&! 423#! 4-8H7!
4&(,<'(,0! 2/,! ),9/2),)! *3! /,05&30,! -&! 8H7! )2429,! -/,2-4,3-0! &/! ),.*<*,3<#! *3! /,52*/!
4,<123*040@! 23! *3</,20,! &.! 3,%(#! 0#3-1,0*0,)!4-8H7!%&'()! -2+,! 5(2<,! *3! 2! <&45,302-&/#!
4233,/>! 8',! -&! 4-8H7! 1,-,/&5(204#! 23)! -1,! (*4*-,)! 262*(2:*(*-#! &.! 8H7! /,52*/! 52-1%2#0!
%*-1*3! -1,! &/923,((,! e/,6*,%,)! :#! O(*3,! ?8@! VDUVf@! *-! <23! :,! ,36*029,)! -12-! 4*-&<1&3)/*2!
*3</,20,! -1,! 0#3-1,0*0!&.! -1,*/!'3)2429,)!9,3&4,! *30-,2)!&.! /,52*/*39! -1,! .2'(-#!<&5*,0@! -&!
0'0-2*3!-1,!5/&5&/-*&3!&.!4'-2-,)!4-8H7!<&5#!3'4:,/!:,(&%!-1,!\Ds!-1/,01&()!4,3-*&3,)!
5/,6*&'0(#>!B1,!b',0-*&3!&.!%1,-1,/!4-8H7!.2'(-#!<&5*,0!2/,!),9/2),)!&/!3&-@!*0!0-*((!3&-!<(,2/@!
,05,<*2((#! %*-1! -1,! 2552/,3-! 0<2/<*-#! &.! 2! 4*-&<1&3)/*2(! <1,<+5&*3-! eA&(-@! VDUDf>! A&%,6,/@!
/,<,3-!0-')*,0!126,!5/&6,3!*//,52/2:(#!)2429,)!4-8H7!4&(,<'(,0!2/,!05,<*.*<2((#!-2/9,-,)!.&/!
),9/2)2-*&3!e7(,;,#,6!23'/%"@!VDD]T!R*'!23'/%"@!VDUDf@!5/,6,3-*39!/,5(*<2-*&3!&.!-1,0,!),.,<-*6,!
<&5*,0! 23)! -1,/,.&/,! 4'-29,3,0*0! %*-1*3! -1,! &/923,((,>! 7(0&@! 0-2((*39! &.! KFRLMB! LH7!
-/230</*5-0!120!:,,3!01&%3!-&!-/*99,/!4*-&5129#!,6,3-0!ea&'(,!23)!H2/,3)/2@!VDUUf>!B&!0'4!
'5@! 3,%!4-8H7! 0#3-1,0*0! <23! :,! ,45(&#,)! :#! -1,! &/923,((,! *3! /,05&30,! -&!8H7! )2429*39!
-/,2-4,3-0!&/!),.*<*,3-!/,52*/!4,<123*040>!!
g&/+! *3! -1*0! <125-,/!120!2(0&!),4&30-/2-,)! -12-!K/*4K&(! <&3-/*:'-,0! -&!,//&/Y5/&3,!
8H7! 0#3-1,0*0! *3! 4*-&<1&3)/*2! e.*9'/,! W>UWf>! $3),,)! *3! -1,! 2:0,3<,! &.! K/*4K&(@! 4-8H7!
255,2/,)!-&!126,!.,%,/!4'-2-*&30@!4,23*39!.,%,/!<,((0!%,/,!2:(,!-&!0'/6*6,!<1(&/2451,3*<&(!
23-*:*&-*<!-/,2-4,3->!$3!-1,!3'<(,'0@!BR?!5&(#4,/20,0!<2//#!&'-!'3.2*-1.'(!/,5(*<2-*&3!(,2)*39!-&!
4'-29,3,0*0>! O&30*0-,3-! %*-1! -1*0@! &;' 7&3)$! )2-2! ./&4! -1,! 8&1,/-#! (2:! '0*39! /,<&4:*323-!
1'423!K/*4K&(!5/&-,*3!eO125-,/!\@!.*9'/,!\>Zf!120!01&%3!-1*0!3&6,(!5&(#4,/20,!-&!:,!<252:(,!
&.!BR?!e255,3)*;!7f>!$-!<23!-1,/,.&/,!:,!,36*029,)@!*3!'3<12((,39,)!<&3)*-*&30@!K/*4K&(!-&!:,!
/,</'*-,)!-&!4*-&<1&3)/*2!-&!:#5200!8H7!(,0*&30!<2'0,)!:#!1*91!(,6,(0!&.!,3)&9,3&'0!LF?!23)!
]V!
!
-1,/,.&/,! <&3-/*:'-,0! -&!42*3-2*3!4-8H7! /,5(*<2-*&3! &.! -1,! )2429,)!4&(,<'(,0>! F-1,/%*0,!
8?"0!<&'()!2/*0,!2.-,/!0-2((*39!&.!8H7!&/!LH7!5&(#4,/20,0!)'/*39!4*-&<1&3)/*2(!/,5(*<2-*&3!&/!
-/230</*5-*&3@!(,2)*39!-&!*//,52/2:(,!)2429,!%*-1*3!-1,0,!4-8H7!4&(,<'(,0!23)!-1,*/!-2/9,-*39!
.&/!),9/2)2-*&3!eR*'!23'/%"@!VDUDf>!$3),,)@!K&(!?!120!:,,3!/,5&/-,)!-&!./,b',3-(#!0-2((!)'/*39!-1,!
:#5200!&.!-1,!42*3!&;*)2-*6,!5/&)'<-!]Y&;&YN!eN/2d*,%*<d!23'/%"@!VDD`f>!M&/,&6,/@!K&(!?!120!2!
????? ???????? ??? ??????? ?????? ??????????? ?????? ???????? ???? ??? ???? ??Y??? ???????????? ?????????
eE20*6*0%232-123!23'/%"@! VDUVf@! /,*3.&/<*39! -1,! *),2!23&-1,/!,3d#4,! <&'()!:,!3,,),)! *3! -1,!
&/923,((,!-&!200*0-!-1,!/,5(*<2-*6,!5&(#4,/20,!*3!*-0!-20+>!!
[&((&%*39! -1*0! *3*-*2(! /,5&/-! &3! 4-8H7! 4'-29,3,0*0! 23)! <&5#! 3'4:,/! 62/*2-*&30@!
.'/-1,/! ,;5,/*4,3-0! <&'()! :,! '3),/-2+,3! -&! *36,0-*92-,! -1,! *36&(6,4,3-! &.! K/*4K&(! *3!
4*-&<1&3)/*2(!BR?!4,<123*040>![&((&%*39!IJ!*//2)*2-*&30@!4&/,!*3!),5-1!4'-29,3,0*0!232(#0*0!
23)! <&5#! 3'4:,/! 62/*2-*&30! <&'()! :,! /,<&/),)! *3! -1,! 2:0,3<,! &.! -1,! 3&6,(! 5/*420,Y
5&(#4,/20,>!F3,! 05,<*.*<!255/&2<1! <&'()!2(0&!4*//&/! -1,! 0-')#!5,/.&/4,)!:#!8';*3!23)! <&Y
%&/+,/0@! %1&! .&((&%,)!42*3-,323<,! 5/&-,*3! 8H2V! .&<*! 2<<'4'(2-*&3!%*-1*3! 3'<(,&*)0! 2.-,/!
4-8H7! /,5(*<2-*&3! 0-2((*39! *3! <,((0! &6,/,;5/,00*39! Bg$HERS! 4'-23-0! e8';*3! 23' /%"@! VDD^T!
g23/&&*=!23'/%"@!VDD`f>!73&-1,/!255/&2<1!(&&+*39!2-!62/*2-*&3!&.!B[7M!,;5/,00*&3!(,6,(0!01&'()!
2(0&! :,! 4&3*-&/,)! -&! *),3-*.#! 2! 5&-,3-*2(! K/*4K&(! *3.(',3<,! &3! -1*0! 3'<(,&*)! <&45&3,3->!
$3),,)@! 0,6,/2(! 0-')*,0!126,!),4&30-/2-,)!B[7M! (,6,(0! <&//,(2-,!%*-1!4-8H7!<&5#!3'4:,/!
eS+0-/23)!23'/%"@!VDDCT!K&1=&*04|+*!23'/%"@!VDD\T!j'!23'/%"@!VDD^f!:'-!a&01*)2!23)!<&Y%&/+,/0!
126,! 2(0&! 01&%3! B[7M! 20! 2! )2429,! /,<&93*-*&3! .2<-&/! 5&-,3-*2((#! *36&(6,)! *3! -2/9,-*39!
),.,<-*6,! 4-8H7! 4&(,<'(,0! .&/! ),9/2)2-*&3! ea&01*)2! 23' /%"@! VDDV! 23)! VDDWf>! ['/-1,/!
*36,0-*92-*&30! &.! B[7M! ,;5/,00*&3! (,6,(0! *3! K/*4K&(! 3'((Y:2<+9/&'3)! <&'()! 5/&6*),! 3,%!
,6*),3<,0!-&!*45/&6,!&'/!???????????????????? ????????????????????? ????? ???????????!
!
9"G"4"4"#>%;)&#+3(%*&J#(3'J/1B#A%657#(*8.#1'A0)&#%*#/1(&)3J)#/1#I&/AI*2#,)82)%),#()22J#
B&!'3),/0-23)!*.! *3</,20,! *3!4-8H7!<&5#!3'4:,/!<&'()!/,0'(-! ./&4!4,<123*040!3&-!)*/,<-(#!
*36&(6,)!*3!4-8H7!/,5(*<2-*&3@!/,5&/-0!./&4!-1,!(*-,/2-'/,!%,/,!232(#0,)>!
[*/0-@! 2! -,<13*<2(! 2/-,.2<-! 120! :,,3! 5/,6*&'0(#! ),0</*:,)! -&! :,! /,05&30*:(,! .&/! 23!
*3</,20,!&.!4-8H7!<&5#!3'4:,/!232(#0,)!:#!PYKOL!eO1,3!23'/%"@!VDD`f>!B1,!2'-1&/0!01&%,)!
-1,!*45&/-23<,!&.!5/,Y1,2-,)!-/,2-4,3-0!-&!),32-'/,!,..*<*,3-(#!4-8H7!4&(,<'(,0!&-1,/%*0,!
62/*2-*&30!&.!-1,!/2-*&!0'5,/<&*(,)!-&!/,(2;,)!8H7!4&(,<'(,0!<23!&<<'/!23)!*3-,/.,/,!%*-1!-1,!
PYKOL! 232(#0*0>! $-! *0! -1,3! 5&00*:(,! -&! 05,<'(2-,! -1,! 2:0,3<,! &.! K/*4K&(! <&'()! (,2)! -&! 23!
]W!
!
*3</,20,!(,6,(!&.!/,(2;,)!4-8H7!4&(,<'(,0!e%*-1!1*91,/!5/&5&/-*&3!&.!:/&+,3!8H7!4&(,<'(,0!
.&/!,;245(,f@!2((&%*39!23!,2/(#!245(*.*<2-*&3!&.! -1,! .('&/,0<,3-!0*932(!:#!PYKOL>!F3,!%2#!-&!
-,0-! -1*0!1#5&-1,0*0!%&'()!:,!:#!'0*39! (&39!KOL!-,<13&(&9#@!%1*<1!05,<*.*<2((#!4,20'/,0! -1,!
5/,0,3<,!&.!8H7!)2429,!e?23-&0!23'/%"@!VDD\T!A'3-,/!23'/%"@!VDUDf@!%*-1*3!gB!23)!()&*($%' +,+!
0245(,0>! 7(0&! 2))*39! 2! 5/,Y1,2-,)! -/,2-4,3-! e.&/! ,;245(,! VD! 4*3'-,0! 2-! ^ZuOf! :,.&/,!
5,/.&/4*39! -1,! PYKOL! 232(#0*0! e%1*<1! 2(/,2)#! 0-2/-0! %*-1! 2! UD!4*3'-,0! -/,2-4,3-! 2-! ^ZuOf!
%&'()!:,!2!%2#!-&!5/,6,3-!23#!+*3)!&.!2/-,.2<-!(*+,!-1*0!-&!&<<'/>!!
73&-1,/!*3)*/,<-!,;5(232-*&3!.&/!-1*0!*3</,20,!4-8H7!<&5#!3'4:,/!<&'()!:,!(*3+,)!-&!
-1,! 9/&%-1!),.,<-! &:0,/6,)! 2.-,/! K/*4K&(! LH7*! -/,2-4,3-0! e.*9'/,! W>UCf>! $-! 120! :,,3! 01&%3!
5/,6*&'0(#! -12-! 2//,0-,)! <,((0! *3! ND_NU! .&((&%*39!4*4&0*3,! &/! 1*91Y)&0,! 1#)/&9,3! 5,/&;*),!
-/,2-4,3-0!)*)!3&-!2..,<-!4*-&<1&3)/*2!,;5230*&3!/,0'(-*39!-1,/,.&/,!*3!23!*3</,20,!&.!4-8H7!
<&3-,3-! 5,/! <,((! eR,,! 23' /%"@! VDDDf>! F-1,/! 0-')*,0! 2(0&! &:0,/6,)! -1*0! ??????????????? ????????
%1,/,!NV_M!2//,0-,)!<,((0!:#!-#/&0*3,!+*320,!*31*:*-&/!&/!9,3*0-,*3!-/,2-4,3-0!<&3-2*3,)!4&/,!
4-8H7!-123!)*6*)*39!<,((0@!'32:(,!-&!0,52/2-,!-1,*/!4-8H7!<&3-,3-! *3-&!-1,*/!)2'91-,/!<,((0!
eM23<*3*! 23' /%"@! U^^`T! K29(*2<<*! 23' /%"@! U^^Wf>! [&((&%*39! K/*4K&(! LH7*! ),5(,-*&3@! *-! *0! -1,3!
)*..*<'(-! -&! ),-,/4*3,! *.! -1,! 5/&-,*3! *0! )*/,<-(#! *36&(6,)! *3! 4-8H7! 42*3-,323<,! &/! *.! -1,!
51,3&-#5,! &:0,/6,)! *3! -1,! &/923,((,! *0! &3(#! 2! 0,<&3)2/#! ,..,<-! &.! -1,! <,((! <#<(,! 2//,0->!
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-1#4*)*3,!e.*9'/,!C>U]7f!&/!8H7!.*:,/0!232(#0*0!e.*9'/,!C>U]"f@!/,6,2(,)!23!?Y5120,!),.,<-!%*-1!
2!/,)'<,)!<252<*-#!&.!-1,!EF!<,((0!-&!/,5(*<2-,!-1,*/!8H7>!?,6,/2(!1#5&-1,0,0!<23!:,!0'99,0-,)!
-&!,;5(2*3!-1,0,!51,3&-#5,0>!!
UDU!
!
B1,! .*/0-! 1#5&-1,0*0! *0! -1,! 52/-*<*52-*&3! &.! K/*4K&(! *3! -1,! *3<&/5&/2-*&3! &.!4&)*.*,)!
3'<(,&-*),0! )'/*39! 3&/42(!8H7! /,5(*<2-*&3! e(*+,! -1#4*)*3,! 232(&9',0! "/)I@! O()I@! &/! $)I! .&/!
,;245(,f>!N*6,3!K/*4K&(! *0! 52/-! &.! -1,!7SK! 0'5,/.24*(#@! -1*0! ,3d#4,!%&'()! :,! 5/,)*<-,)! -&!
126,!2!.(,;*:(,!<2-2(#-*<!0*-,!-12-!<&'()!2<<&44&)2-,!2!/239,!&.!0':0-/2-,0>!$-!*0!-1,3!5&00*:(,!
-&! 05,<'(2-,! -12-! 0'<1! 23! ,3d#4,! <&'()! :,! /,</'*-,)! )'/*39! ?Y5120,! %1,3! 23! ,;<,00! &.!
-1#4*)*3,! 232(&9',! *0! 5/,0,3-! *3! -1,!4,)*2! -&! 200*0-! /,5(*<2-*6,! 5&(#4,/20,0! -&! *3<&/5&/2-,!
-1*0! 3&3Y51#0*&(&9*<2(! 3'<(,&-*),>! S6,3! *.! -1,! /,5(*<2-*6,! 5&(#4,/20,0! <23! *3<&/5&/2-,! -1,!
4&)*.*,)! 3'<(,&-*),@! -1,*/! ,;&3'<(,20,! 2<-*6*-#! e&/! 0&4,! &-1,/! <&3-/&(! 4,<123*040f! <&'()!
0':0,b',3-(#! /,4&6,! -1,! 4&)*.*,)! :20,@! 23)! K/*4K&(! %&'()! :,! -1,3! 3,,),)! -&! <&45(,-,!
-1,0,!9250>!M&/,&6,/@! *-!120!:,,3!5/,6*&'0(#!01&%3! &;'7&3)$! *3<&/5&/2-*&3!&.!4&)*.*,)!)HBK0!
<23!9/,2-(#!62/#!),5,3)*39!&3!-1,!5&(#4,/20,!,45(&#,)!23)!*-0!,;&3'<(,20,!2<-*6*-#!,..*<*,3<#!
e73),/0&3!23'/%"@!VDDZT!?&:&(,%0+*!23'/%"@!VDUUf>!$3!(*3,!%*-1!-1*0@!<,((!<#<(,!232(#0*0!'0*39!"/)I!
4,20'/,4,3-0! <&'5(,)!%*-1! .(&%! <#-&4,-/#! 232(#0*0!%&'()! :,! 5,/-'/:,)! *3! ()&*($%' +,+' <,((0!
<&452/,)!-&!gB!8BCD!0245(,0>!7<<&/)*39!-&!-1*0!1#5&-1,0*0@!)'/*39!2!01&/-!VD!4*3'-,0!5'(0,@!
EF! <,((0! %&'()! -1,3! *3<&/5&/2-,! (,00! "/)I! <&452/,)! -&!gB! <,((0@! /,0'(-*39! *3! 23! 2552/,3-!
),</,20,!&.! -1,!5/&5&/-*&3!&.!"/)I!5&0*-*6,!<,((0>!8,5,3)*39!%1,3!K/*4K&(! .'3<-*&30!)'/*39!
3'<(,2/!?Y5120,@!-1*0!<&'()!126,!)*0-*3<-!<&30,b',3<,0!&3!-1,!<,((!<#<(,!232(#0*0>! $.!-1,!3&6,(!
5&(#4,/20,! *3-,/6,3,0! )'/*39! -1,!4*))(,! &.! ?Y5120,@! -1,! 5/&5&/-*&3! &.! "/)I! 3,92-*6,! <,((0!
e%*-1!8H7!<&3-,3-!<&45/*0,!:,-%,,3!VH!23)!CHf!01&'()!:,!*3</,20,)!23)!6*0*:(,!&3!-1,!.(&%!
<#-&4,-/#!5/&.*(,0!e.*9'/,!C>U`7f>!A&%,6,/@! *.!K/*4K&(! *0!&3(#!/,</'*-,)!2-!-1,!,3)!&.!?Y5120,!
eCH! <&3-,3-! <,((0f@! "/)I! 3,92-*6,! <,((0! %&'()! -1,3! :,! 4,/9,)! %*-1! NV_M! <,((0! 23)! :&-1!
5&5'(2-*&30!:,!*3)*0-*39'*012:(,!&3!K$_"/)I!)&':(,!0-2*3*39!232(#0*0>!$3!-1*0!<20,@!2!),</,20,!&.!
"/)I!5&0*-*6,!e),3&-,)!?Y5120,!<,((0!*3!-1*0!232(#0*0f!%&'()!:,!200&<*2-,)!%*-1!23!*3</,20,!&.!
NV_M!<,((0@!20!0,,3!*3!.*9'/,!C>U`">!B&!<&3<('),@!.(&%!<#-&4,-/#!232(#0*0!0'99,0-0!-12-!K/*4K&(!
<&'()!:,!05,<*.*<2((#!/,</'*-,)!2-!-1,!,3)!&.!?Y5120,@!&3<,!-1,!:'(+!&.!-1,!9,3&4,!)'5(*<2-*&3!
*0!2<1*,6,)@!-&!1,(5!-1,!<&45(,-*&3!&.!8H7!/,5(*<2-*&3!*3!2!5&0-Y/,5(*<2-*6,!4233,/>!B1,!024,!
<&3<('0*&30!<&'()!2(0&!:,!,;-/25&(2-,)!-&!-1,!232(#0*0!&.!8H7!/,5(*<2-*&3!/2-,!e.*9'/,!C>U]f>!7!
/,5(*<2-*&3!),.,<-!&<<'//*39! *3! (2-,! ?Y5120,! *3! -1,!2:0,3<,!&.!K/*4K&(!%&'()! 0-*((! /,)'<,! -1,!
&6,/2((! /,5(*<2-*&3! /2-,! *3! EF! <,((0! <&452/,)! -&! gB! <,((0! e.*9'/,! C>U]7f! 23)! *3</,20,! -1,!
5/&5&/-*&3!&.!0(&%!L[0!e.*9'/,!C>U]"f>!F3!-1,!&-1,/!123)@!-1,!042((!),</,20,!&.!/,5(*<2-*&3!/2-,!
&:0,/6,)! *3! -1,! 2:0,3<,! &.! K/*4K&(! e.*9'/,! C>U]f! <233&-! ,;5(2*3! -1,! /,)'<-*&3! &.! -1,!
5/&5&/-*&3!&.! "/)I!5&0*-*6,! <,((0! e.*9'/,! C>U`"f>! $3),,)@! -1*0! 2002#! *0! 3&-! b'23-*-2-*6,! *3! -1,!
024,!%2#!WA!-1#4*)*3,! *3<&/5&/2-*&3! *0@!20!-1,!.(&%!<#-&4,-/#!232(#0*0!2((&%0!4,20'/,4,3-!
&.!-1,!5/&5&/-*&3!&.!<,((0!2<-*6,(#!/,5(*<2-*39!-1,*/!8H7>!B1,/,.&/,@! *.!&3(#!UDs!(,00!"/)I!%20!
UDV!
!
*3<&/5&/2-,)! )'/*39! /,5(*<2-*&3! )',! -&! 2! L[! /2-,! ),</,20,@! -1,! 5,/<,3-29,! &.! ?Y5120,! <,((0!
%&'()!0-*((!0-2#!-1,!024,>!B&!6,/*.#!-1*0!1#5&-1,0*0@!&;'7&3)$!,;5,/*4,3-0!(&&+*39!2-!-1,!2:*(*-#!&.!
/,<&4:*323-! 1'423! K/*4K&(! -&! *3<&/5&/2-,! 4&)*.*,)! 3'<(,&-*),0! <23! :,! 5,/.&/4,)! 23)!
<&452/,)!-&!-1,!2:*(*-#!&.!/,5(*<2-*6,!5&(#4,/20,0!-&!)&!-1,!024,>!!!!!!
B1,!0,<&3)!1#5&-1,0*0!*0!:20,)!&3!-1,!/,</'*-4,3-!&.!K/*4K&(!-&!.2<*(*-2-,!/,5(*<2-*&3!
&.!,3)&9,3&'0(#!&<<'//*39!8H7! (,0*&30@!,*-1,/!:#! *-0!5/*420,!&/!5&(#4,/20,!2<-*6*-#@! -&!1,(5!
-1,!<&45(,-*&3!&.!-1,!9,3&4,!)'5(*<2-*&3!*3!-1,!255/&5/*2-,!24&'3-!&.!-*4,>!B1,/,.&/,@!-1,!
:'(+! &.! 8H7! 0#3-1,0*0! <&'()! &<<'/! %*-1&'-! K/*4K&(! 23)! &3(#! 2! 042((! ),</,20,! &.! "/)I!
*3<&/5&/2-*&3!%&'()!:,!3&-*<,)!*3!EF!<,((0!e.*9'/,!C>U`7!23)!"f>!F6,/2((!/,5(*<2-*&3!/2-,!e.*9'/,!
C>U]7f!23)!L[!05,,)!e.*9'/,!C>U]"f!%&'()!-1,3!2(0&!:,!5,/-'/:,)!*3!()&*($%'+,+!<,((0!<&452/,)!
-&!gB!8BCD!<,((0>!B1*0!)2429,!-&(,/23<,! .,2-'/,!&.!K/*4K&(!<&'()!,;5(2*3! -1,! .2<-! -1,!3&6,(!
5&(#4,/20,!*0!3&-!2!+,#!<&45&3,3-!&.!-1,!/,5(*0&4,@!&-1,/%*0,!-1,!5/&-,*3!%&'()!126,!:,,3!
)*0<&6,/,)!23)!<12/2<-,/*0,)!:#!3&%>!7<<&/)*39!-&!-1*0!1#5&-1,0*0@!*3!-1,!2:0,3<,!&.!K/*4K&(@!
%1,3!/,5(*<2-*6,!5&(#4,/20,0!,3<&'3-,/!2!(,0*&3!(,2)*39!-&!-1,!0-2((*39!&.!-1,!L[!42<1*3,/#@!2!
),</,20,! &.! -1#4*)*3,! *3<&/5&/2-*&3! 23)! 2! 1*91,/! 5/&5&/-*&3!&.! L[!%*-1! 2! (&%,/! /,5(*<2-*&3!
/2-,! e.*9'/,! C>U]f!%&'()! &<<'/>!H&3,-1,(,00@! L[! /,0-2/-! &/! 3,%!&/*9*3! .*/*39! e)&/423-!&/*9*3f!
4,<123*040! <&'()! 2((&%! ?Y5120,! 5/&9/,00*&3@! 23)! &3(#! 2! ),(2#! *3! -1,! .*32(! 0-29,! &.! -1,!
<&45(,-*&3!&.!9,3&4*<!)'5(*<2-*&3!<&'()!:,!&:0,/6,)>!B1,!<,((!%&'()!-1,3!/,(#!4&/,!&3!5&0-Y
/,5(*<2-*&3!4,<123*040!-&!.*((!-1,!9250!(,.-!:,1*3)!-1,!/,5(*<2-*&3!42<1*3,/#@!0-2((*39!2-!-1&0,!
32-'/2(!*45,)*4,3-0!23)!/,0-2/-*39!)&%30-/,24!*3!-1,!2:0,3<,!&.!K/*4K&(>!7!),(2#!*3!(2-,!?!&/!
NV!5120,0!%&'()!-1,3!:,!/,<&/),)!e.*9'/,!C>U`"f>!$3!-1*0!4&),(@!K/*4K&(!/,</'*-4,3-!%&'()!:,!
3,,),)! )'/*39! ?Y5120,! -&! 200*0-! L[! 5/&9/,00*&3@! :'-! :,! 3&-*<,2:(,! &3(#! *3! 2! (2-,/! -*4,@! *3!
2<<&/)23<,!-&!:&-1!.(&%!<#-&4,-/#!23)!8H7!.*:,/0!232(#0*0>!
$3!2!.*32(!1#5&-1,0*0@!%,!05,<'(2-,!-12-!K/*4K&(!<&'()!:,!05,<*.*<2((#!/,</'*-,)!*3!(2-,!?Y
5120,!&/!,2/(#!NV!-&!1,(5!-1,!L[!42<1*3,/#!-&!<&45(,-,!8H7!0#3-1,0*0!5/&<,00,0! *3!05,<*.*<!
2/,20!&.! -1,!9,3&4,@!%1*<1!2/,! 05,<*.*<2((#! /,5(*<2-,)!2-! -1,!,3)!&.! ?Y5120,>! $3),,)@! *3! -1,!
)*6,/9,3-! ,'+2/#&-,! R)68/;$1$*/! 9)0#2&@! ,;5,/*4,3-0! 5,/.&/4,)! %*-1! *3)'<*:(,! K/*4K&(!
eB:K/*4K&(Vf!LH7*!+3&<+)&%3!0-/2*30!2(0&!1*91(*91-,)!-1,!*45&/-23<,!&.!K/*4K&(!*3!NV!5120,!
e?,23!L'))@!7*)23!8&1,/-#@!5,/0&32(!<&44'3*<2-*&3f>!B1,0,!<,((0!%,/,!2:(,!-&!)'5(*<2-,!-1,!
:'(+! &.! -1,*/! 9,3,-*<! 42-,/*2(! e3&/42(! ?Y5120,! :#! .(&%! <#-&4,-/#! 232(#0*0f! :'-! -1,! )2-2!
0'99,0-,)! K/*4K&(! 12)! 23! ,00,3-*2(! /&(,! )'/*39! (2-,! &/! 5&0-Y/,5(*<2-*6,! 5120,0>! ['/-1,/!
??????????????? ?????????? ??? ?????? ? ?????????? ??????? ????Y/,5(*<2-*&3! 4,<123*040! 2/,! 2(0&!
'3),/-2+,3!*3!-1,!3,;-!O125-,/!&.!-1*0!-1,0*0>!
UDW!
!
$3!0'442/#@!20!K/*4K&(!*0!2!3&6,(!'3<12/2<-,/*0,)!5&(#4,/20,@!%,!<233&-!,;<('),!-1*0!
,3d#4,!<&'()!126,!2!)*/,<-!/&(,! *3! *3<&/5&/2-*39!4&)*.*,)!3'<(,&-*),0@!,;5(2*3*39!-1,0,!4*()!
),</,20,!*3!"/)I@!WA!-1#4*)*3,!23)!O()I_$)I!*3<&/5&/2-*&30!&:0,/6,)!*3!EF!<,((0!e.*9'/,0!C>U`!
23)! C>U]f>! $-! *0! 2(0&! 5&00*:(,! -&! 0'05,<-! 2! /&(,! .&/! K/*4K&(! *3! 8H7! )2429,! -&(,/23<,!
4,<123*040! 200*0-*39! /,5(*<2-*6,! 5&(#4,/20,0! )'/*39! 3&/42(! ?Y5120,@! ,*-1,/! 2((! 2(&39! -1,!
/,5(*<2-*&3!5120,!&/!05,<*.*<2((#!2-!*-0!,3)>!$3!23#!<20,0@!-1,!2:0,3<,!&.!K/*4K&(!%&'()!:,!-1,3!
2<<&4523*,)!%*-1!2!),(2#!*3!-1,!<&45(,-*&3!&.!-1,!)'5(*<2-*&3!&.!-1,!9,3&4,@!23)!-1,/,.&/,!
23!2<<'4'(2-*&3!&.!<,((0!*3!(2-,!?!&/!NV!5120,>!
!
="C"="# 53%'&32# /A8),/A)1%J# 8*%)1%/322.# (3'J/1B# %;)# &)(&'/%A)1%# *+# I&/AI*2# /1# 23%)# $E
8;3J)##
$3!(*3,!%*-1!-1,!(20-!1#5&-1,0*0!4,3-*&3,)!2:&6,@!0,6,/2(!,;245(,0!126,!:,,3!),0</*:,)!*3!-1,!
(*-,/2-'/,!%1,/,!32-'/2(!*45,)*4,3-0!05,<*.*<2((#!2/*0,!2-!-1,!,3)!&.!?Y5120,>!g1,3!L[!0-2((0!2-!
-1,0,!-#5,0!&.!(,0*&30@!K/*4K&(!<&'()!-1,3!:,!/,</'*-,)!-&!&6,/<&4,!-1,0,!&:0-2<(,0!&/!,*-1,/!
/,0-2/-0!-1,!/,5(*<2-*&3!42<1*3,/#!)&%30-/,24>!?-')*,0!./&4!-1,!A&..4233!(2:&/2-&/#!eOLOB@!
B&'(&'0,f! 126,! 5/,6*&'0(#! ),4&30-/2-,)! -1,! *36&(6,4,3-! &.! BR?! 5&(#4,/20,0! )'/*39!
'35,/-'/:,)!?Y5120,!-&!&6,/<&4,!3&3Y"!8H7!0-/'<-'/,0!32-'/2((#!&<<'//*39!)'/*39!/,5(*<2-*&3!
5/&<,00,0! e"G-&'0! 23' /%"@! VDD^f! 23)! 2(0&! 2-! <&44&3! ./29*(,! 0*-,0! eL,#! 23' /%"@! VDD^f>! 7! 6,/#!
),-2*(,)! /,6*,%! :#! S+2-,/*32! 23)! ?,/9,*!M*/+*3! )&<'4,3-0! 32-'/2(! *45,)*4,3-0! 5&-,3-*2((#!
/,05&30*:(,! .&/! L[! 0-2((*39! eM*/+*3! 23)! M*/+*3@! VDD`f>! N*6,3! K/*4K&(! *3-/*30*<! .,2-'/,0! 20! 2!
4,4:,/!&.!-1,!7SK!.24*(#@!*-0!42((,2:(,!2<-*6,!0*-,!42+,0!-1*0!,3d#4,!2!0-/&39!<23)*)2-,!.&/!
:#5200!&.!1,(*;!)*0-&/-*39!-,45(2-,0!e20!&:0,/6,)!*3!255,3)*;!7!%*-1!8H7!-,45(2-,!<&3-2*3*39!
IJ!51&-&5/&)'<-0f>!7!5&-,3-*2(!/&(,!*3!L[!/,0-2/-!-123+0!-&!*-0!5/*420,!2<-*6*-#!/,42*30!2(0&!2!
5&00*:*(*-#>!B1,/,.&/,@!K/*4K&(!<&'()!:,!/,</'*-,)!2.-,/!<&((*0*&3!:,-%,,3!L[!23)!-/230</*5-*&3!
42<1*3,/#@! &/! 2-! 12*/5*30! &/! NC! 8H7! 0-/'<-'/,0! 2/*0*39! 2-! 05,<*.*<! 0,b',3<,0! 2/,2! &.! -1,!
9,3&4,>!O&44&3!23)!/2/,!./29*(,!0*-,0@!<&45&0,)!&.!3'<(,&-*),!/,5,2-0!5&-,3-*2((#!.&/4*39!
-1&0,!0,<&3)2/#!0-/'<-'/,0@!2/,!(&<2-,)!*3!2/,20!&.!-1,!9,3&4,!%1*<1!126,!:,,3!/,5&/-,)!-&!
:,!/,5(*<2-,)!(2-,!*3!?Y5120,!e8'/+*3!23'/%"@!VDD`f>!$-!*0!-1,/,.&/,!5&00*:(,!-&!05,<'(2-,!2!05,<*.*<!
/,</'*-4,3-! &.! K/*4K&(! )'/*39! (2-,! ?Y5120,! -&! 200*0-! -1,! /,5(*<2-*&3!42<1*3,/#! -&! &6,/<&4,!
-1,0,!)*..*<'(-!2/,20!&.!-1,!9,3&4,!-&!:,!/,5(*<2-,)>!8*0-*3<-*&3!:,-%,,3!2!5&-,3-*2(!BR?!/&(,!&.!
K/*4K&(! -&! &6,/<&4,! -1,0,! 8H7! 0-/'<-'/,0! &/! 2! /,Y5/*4*39! 2<-*6*-#! )&%30-/,24! &.! -1,! NC!
0-/'<-'/,0! *0! 2! )*..*<'(-!42--,/! -&! 2))/,00! ,;5,/*4,3-2((#>! A&%,6,/@! 232(#0*0! &.!4'-29,3,0*0!
UDC!
!
5/&.*(,0! *3! 8BCD! <,((0! -/230.&/4,)! %*-1! 2! 5(204*)! <&3-2*3*39! -1*0! -#5,! &.! 0-/'<-'/,! <23! :,!
5,/.&/4,)!e?2/+*,0!23'/%"@!VDUDf>!
L,5(*<2-*&3!)#324*<!23)!8H7!0-/'<-'/,! 0,,4!-1,/,.&/,! -&!:,!<&//,(2-,)@!23)! /,<,3-!
0-')*,0! 126,! 0-2/-,)! -&! 425! -1,! /,5(*<2-*&3! 0<1,)'(,! &.! -1,! 9,3&4,! eO129*3! 23' /%"@! VDUDf>!
7<<&/)*39!-&!-1,0,!232(#0,0@!2<-*6,(#!-/230</*:,)!9,3,0!%&'()!:,!/,5(*<2-,)!,2/(#!)',!-&!-1,!
&5,3!<1/&42-*3!0-/'<-'/,!e,'<1/&42-*3!2/,2f!2((&%*39!:&-1!42<1*3,/*,0!-&!5,/.&/4!-1,*/!-20+0!
eB2+,)2! 23' /%"@! VDDZf>! B&! ),-,/4*3,! *.! K/*4K&(! *3-,/6,3,0! 2-! 2! 05,<*.*<! -*4,! )'/*39! 3'<(,2/!
/,5(*<2-*&3@! <&Y(&<2(*02-*&3! 0-')*,0! :,-%,,3! ,3)&9,3&'0! 5/&-,*3! e&/! 0-2:(#! &6,/,;5/,00,)!
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tolerance  can  occur  either  during  ongoing  replication  or   in  a  post  replicative  manner  (Ulrich,  
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5.2.1.  Involvement  of  PrimPol  in  DNA  damage  tolerance  mechanisms    
5.2.1.1.  PrimPol  requirement  for  replication  fork  progression  
It  was  decided  to  test  whether  PrimPol  was  required  for  RF  progression  on  UV-­‐C  damaged  DNA  
(figure   5.8A).   Following   2,   4   or   8   J/m2   UV-­‐C   irradiation   doses,   a   20   minutes   pulse   with   3H  
thymidine  was  performed  and  the  uptake  of  radioactive  nucleotide  was  normalised  against  14C  
thymidine  pre-­‐labelling  (figure  5.8).  The  thymidine  up-­‐take  was  compared  to  mock  irradiated  
cells   for   each   population   in   order   to   compare   only   the   influence   of   irradiation   onto   the  
replication   rate   between   the   different   populations,   and   to   discard   the   defect   in   thymidine  
incorporation  observed  previously   in  non-­‐irradiated  PrimPol   -­‐/-­‐   cells   (figure  4.18).   In  both  WT  
and  PrimPol  KO  cells,  a  decrease   in   3H  thymidine   incorporation  was  observed  following  UV-­‐C  
irradiation  (figure  5.8),  which  is  consistent  with  an  activation  of  the  intra-­‐S  checkpoint  at  the  
sites   of   UV-­‐damaged   DNA,   physically   blocking   RF   progression   (reviewed   Kaufmann,   2010).  
However,   both   PrimPol   KO   clones   presented   a   further   decrease   in   replication   rate   when  
compared  to  WT  cells  following  UV-­‐C  exposure  (figure  5.8B).  A  1.2-­‐fold  decrease  was  observed  
following   2   and   4   J/m2   UV-­‐C   irradiations,   and   a   1.4-­‐fold   decrease   following   8   J/m2   UV-­‐C  
irradiation,   with   the   replication   rate   being   diminished   from   57%   to   41%   in   the   absence   of  
PrimPol   (figure   5.8B).   Notably,   PrimPol   -­‐/-­‐   cells   irradiated   with   2   J/m2   UV-­‐C   had   a   similar  
incorporation  rate  (66%)  than  WT  cells  irradiated  with  4  J/m2  UV-­‐C;  similarly,  after  4  J/m2  UV-­‐C  
irradiation,  absence  of  PrimPol  generated  a  decrease  of  the  replication  rate  to  the  same  level  
than  WT   cells   irradiated  with   8   J/m2  UV-­‐C   (56%   ;   figure   5.8B).   This   result   implies   PrimPol   is  
required  for  efficient  replication  of  UV-­‐C  damaged  DNA  in  vivo.  
??????????????????????????? ?????????????????? in  the  replication  of  UV  damaged  DNA,  
analysis  of  RF  progression  following  UV-­‐C  irradiation  was  undertaken  in  the  PrimPol  KO  clones.  
As   previously   described   in   section   4.4.2,   the   DNA   spreading   method   was   adapted   here   to  
analyse  newly  synthesised  DNA  following  UV-­‐C  irradiation,  with  the  cells  being  exposed  to  20  
J/m2   UV-­‐C   between   the   CldU   and   Idu   labelling   periods   (figure   5.9A).   Both   halogenated  
nucleotide   signals   were   visualised   by   immunofluorescence   microscopy   (figure   5.9B)   and  
accurately  measured  using  the  software  OMERO  (Allan  et  al.,  2012)   in  order   to  calculate  the  
ra????????????????????????????????????????????????????????-­‐C  irradiation,  or  CldU  /  IdU  signals  
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-1,!*3-/2Y?!<1,<+5&*3-!/,05&30,!:,<&4,0!2<-*62-,)!6*2!-1,!7BL!+*320,@!9,3,/2-*39!2!<20<2),!&.!
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<&452/*0&3!%*-1!gB!8BCD!<,((0!e.*9'/,!Z>U]"@!:(2<+!23)!5'/5(,!(*3,0f>!70!&:0,/6,)!5/,6*&'0(#!
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TLS  polymerase),  resulting  in  a  slower  rate  of  XPV  cells  to  reach  the  G1/S  boundary  responsible  
for  this  HU-­‐induced  apoptosis  response  (de  Feraudy  et  al.,  2007).    
  
5.4.4.  DNA  damage  tolerance,  p53  status  and  apoptosis,  study  in  XPV  cells  
The  guardian  of  the  genome  p53  is  an  important  player  in  the  apoptosis  response  (Jiang  et  al.,  
2010;   Timares   et   al.,   2008)   (figure   5.24).   The   lack   of   p53   function   within   DT40   cells   could  
further   contribute   to   the   apoptosis   response   observed   here   in   PrimPol   -­‐/-­‐   cells.   Indeed,   p53  
status  of  XP-­‐V  cells  has  been  demonstrated  to  influence  cell  survival  after  UV-­‐C  irradiation.  For  
instance,   the   immortalisation  method   (via   SV40  or  HPV16  E6/E7)  used   conferred  a  different  
p53   status   to   the   XP-­‐V   cells,   and   this   directly   affected   the   cytotoxicity   observed   after   UV-­‐C  
irradiation  in  the  presence  or  absence  caffeine.  XPV  primary  fibroblasts  are  already  sensitised  
by   caffeine   to   UV-­‐C   irradiation,   but   the   SV40   immortalisation   process,   conferring   a   non-­‐
functional  p53  status  to  XP30RO  cells,  increases  the  sensitivity  of  the  cells  to  UV-­‐C  irradiation  
in  the  presence  of  the  drug  (Arlett  et  al.,  1975;  Cleaver  et  al.,  1999).  In  contrast,  HPV16  E6&E7  
transformed  XP-­‐V  cells  lacking  p53  protein,  are  more  sensitive  to  the  UV-­‐C  irradiation  but  not  
prone   to   caffeine   sensitisation   (Cleaver  et   al.,   1999).   Interestingly,   caffeine   sensitisation   has  
been  linked  to  DNA  replication  progression  via  Chk1  maintenance  of  RF  stability,  but  is  not  yet  
fully  understood  (Despras  et  al.,  2010).  Further  experiments   in  p53  proficient  cells  should  be  
undertaken   to   understand   whether   this   apoptosis   response   observed   here   is   specific   to  
PrimPol  and  independent  of  the  p53  status  of  the  cells.  Also  analysis  of   the   levels  of  the  pro  
and  anti-­‐apoptotic  proteins  Bax  and  Bcl2   respectively   should  be   investigated   following  UV-­‐C  
exposure  in  the  absence  of  PrimPol.  
  
5.4.5.  Correlation  of  apoptosis  response  in  PrimPol  -­‐/-­‐  cells  and  tc-­‐NER  deficient  cells  
The  counterintuitive  phenotype  obtained  in  PrimPol  -­‐/-­‐  cells  between  low  and  high  doses  of  UV-­‐
C  irradiation  is  not  unprecedented  in  the  literature,  as  tc-­‐NER  deficient  cells  also  present  a  UV  
dose  dependent  induced  apoptosis.  Indeed,  a  common  feature  of  tc-­‐NER  deficient  cells  is  their  
increased   sensitivity   to   low   doses   UV   irradiation   (Queille   et   al.,   2001).   This   cytotoxicity   is  
believed   to   be   due   to   lesions   left   unrepaired   in   active   genes   blocking   the   RNA   polymerase  
complex  which  in  turn  triggers  p53  dependent  or  independent  apoptosis  response  (Ljungman  
et  al.,  1996;  McKay  and  Ljungman,  1999;  Tornaletti,  2009).  However  tc-­‐NER  deficient  cells  are  
!"#$%&' ()*+,' -&./0"1234"5' 6&07&&2' 89' :/;/#&' %&35123&' /2:' ' /515013"3'
;&<4/2"3;3)'
!
"#!$%&!#'()&'*+!,-))-./#0!12!)/0%$!&34-*'5&!6#7!89:!6($/;6$/-#!6$!$%&!*/$&!-,!*$6))&7!:<+!4=>+!?/7!
@?A>! /#$&56($/#0B7-C6/#!7&6$%!60-#/*$D! 6#7!E%FG! 0&$*!4%-*4%-5H)6$&7! @H&))-.!IDJ! I%-*4%-B
4=>!$56#*6($/;6$&*!$%&!4KG!0&#&+!(-#$5/L'$/#0!$-!6!(&))!(H()&!655&*$! /#!MGNO!6#7!6($/;6$/-#!-,!
PQ8! 5&46/5! C&(%6#/*C*! @4/#F! L-3DJ! 8($/;6$&7! 4=>! 6)*-! /#7'(&*! &345&**/-#! -,! ?/7! ,6C/)H!
C&CL&5! 0&#&*! @Q-36+! ?63D! $5/00&5/#0! 64-4$-*/*! 5&*4-#*&! /#! $%&! (H$-4)6*C! ;/6! $%&! (6*46*&!
@(H*$&/#&! 45-$&6*&D! (6*(67&J! ?5/&,)H+! 6($/;6$&7! RQS! @(BR'#!QB$&5C/#6)! F/#6*&*D! 6#7! (6*46*&! T!
@E6*4BTD! (-#$5/L'$&! $-! $%&! ()&6;60&! -,! ?/7! .%/(%! (6#! $%'*! $56#*)-(6$&*! $-! C/$-(%-#75/6)!
C&CL56#&! /#7'(/#0! /$*! 7/*5'4$/-#! @;/6! ?63! 6#7!?6FDJ! ?H! (-#*&U'&#(&+!C/$-(%-#75/6! 5&)&6*&!
$%&/5!45-B64-4$-$/(!(-#$&#$!)/F&!(H$-(%5-C&!(!@EH$!ED!#-$6L)H+!)&67/#0!$-!$%&!6($/;6$/-#!-,!$%&!
(6*46*&!(6*(67&!;/6!(6*46*&*!V!6#7!>!@E6*4BV!-5!>D!6#7!$%&!64-4$-*/*!5&*4-#*&!@-56#0&!*$65DJ!
<-))-./#0!%/0%!7-*&!-,!12!&34-*'5&+!!7&6$%!5&(&4$-5*!@P:D!)/F&!<6*!@465$!-,!$%&!9'C-5!Q&(5-*/*!
<6($-5+! 9Q<D! (6#! 6005&06$&! 6#7! $5/00&5! 6($/;6$/-#! -,! (6*46*&*! T! 6#7! >! /#7&4&#7&#$)H! -,!
C/$-(%-#75/6)!46$%.6HJ!PQ8!5&46/5!6#7!64-4$-*/*!5&*4-#*&!65&!$%'*!()-*&)H!5&)6$&7!6#7!/#%/L/$!
&6(%!-$%&5J!@E65$--#!.6*!$6F&#!,5-C!9/C65&*!!"#$%J+!KWWTDJ!
UW\!
!
2(0&!4&/,!/,0*0-23-! -&!25&5-&0*0!2.-,/!1*91,/! .(',3<,0! -123! -<YHSL!5/&.*<*,3-!<,((0>!75&5-&0*0!
/,05&30,!*0!3&-!-1'0!)*/,<-(#!5/&5&/-*&32(!-&!-/230</*5-*&3!&/!-/230(2-*&3!:(&<+29,!4,<123*040!
eP',*((,!23' /%"@! VDDUT!M<! E2#!23' /%"@! VDDVf>!A&%,6,/! *-!%20! 3&-*<,)! ?Y5120,! 5/&9/,00*&3!%20!
/,b'*/,)!.&/!-1,!<,((0!-&!-/*99,/!25&5-&-*<!52-1%2#!e20!5/,6*&'0(#!)*0<'00,)!,2/(*,/!*3!Z>C>W>Vf@!
23)!5,/-'/:2-*&3!&.!NUY?!-/230*-*&3!*3</,20,)!-1,!25&5-&0*0!/,05&30,!*3!2((!HSL!),.,<-*6,!<,((!
(*3,0!-,0-,)!eM<!E2#!23'/%"@!VDDVf>!B2+,3!-&9,-1,/!*-! *0!5&00*:(,!-&!05,<'(2-,!.&((&%*39!(&%!IJ!
.(',3<,0@!?Y5120,!5/&9/,00*&3!*0!3&-!0*93*.*<23-(#!*452*/,)!2((&%*39!25&5-&0*0!5/&<,00,0!-&!-2+,!
5(2<,!*3!/,05&30,!-&!LH7!5&(#4,/20,!<&45(,;!0-2((*39!2-!OK8!23)!e\YCfKK0!*3!-<YHSL!),.*<*,3-!
<,((0>!7.-,/!1*91,/!IJ!)&0,0!,;5&0'/,@!*3-/2Y?!<1,<+5&*3-!2<-*62-*&3!*3)'<*39!*31*:*-*&3!&.!8H7!
/,5(*<2-*&3! ,(&392-*&3! /,0'(-0! -1'0! *3! 2! ),</,20,! &.! 25&5-&0*0>! M&/,&6,/@! 0-2((*39! &.! LH7!
5&(#4,/20,! 2-! 8H7! 51&-&5/&)'<-0! *3! -<YHSL! ),.*<*,3-! <,((0! <&'()! 2(0&! <&30-*-'-,! 2! .'/-1,/!
51#0*<2(! :(&<+29,! .&/! -1,! /,5(*0&4,! 5/&9/,00*&3! /,)'<*39! ,6,/!4&/,!8H7! 0#3-1,0*0! 23)! -1,!
-/*99,/*39! &.! 25&5-&0*0>! A26*39! 2(0&! &:0,/6,)! 23! *3</,20,)! 5/&5&/-*&3! &.! 25&5-&-*<! <,((0!
.&((&%*39!(&%!)&0,0!&.!IJYO!*//2)*2-*&3!*3!()&*($%'+,+!<,((0@!LH7!0#3-1,0*0!/,05&30,!2.-,/!IJYO!
,;5&0'/,!01&'()!:,!*36,0-*92-,)!*3!-1,!2:0,3<,!&.!K/*4K&(>!$3),,)@!K/*4K&(!:,*39!2(0&!2!8H7!
),5,3),3-!LH7!5&(#4,/20,@!2!5&-,3-*2(!/&(,!)'/*39!BR?!-/230</*5-*&3!4,<123*04@!5/,6,3-*39!
LH7!5&(#4,/20,! <&45(,;! ./&4! 0-2((*39! 2-!8H7!51&-&5/&)'<-0@! <23! -1'0! :,! 05,<'(2-,)>! B1*0!
4,<123*04!5&00*:(#!*3-/&)'<*39!4'-2-*&30!*3!4LH70@!120!:,,3!(,00!0-')*,)!-123!BR?!:#!8H7!
5&(#4,/20,0! )',! -&! -1,! ,..*<*,3<#! &.! -<YHSL! 52-1%2#! eO&1,3! 23)! g2(+,/@! VDUUf>! S5*0-2-*<!
0-')*,0! <&'()! -1,3!:,!5,/.&/4,)! *3! -<YHSL!),.*<*,3-! 0-/2*30! -&!,62('2-,! -1,! *3.(',3<,!&.! -1,!
2:0,3<,! &.! K/*4K&(@! *3! -,/4! &.! <,((! 6*2:*(*-#! 23)! 25&5-&0*0! /,05&30,>! 7(0&@! -1,! )2429,!
-&(,/23<,!/&(,!&.!K/*4K&(! e6*2!BR?!&/!/,Y5/*4*39@!20!),0</*:,)!5/,6*&'0(#!0,<-*&3!Z>C>Uf@!<&'()!
2(0&! *3-,/.,/,! %*-1! 9(&:2(! HSL! /,52*/! 52-1%2#@! :#! 2((&%*39! -1,! :#5200! &.! -1,! 8H7!
51&-&5/&)'<-0! 23)! 9,3,/2-*39! 2! )08H7! <&3-,;-! 2((&%*39! -1,! /,4&62(! &.! -1,! (,0*&3! e.*9'/,!
Z>VWf>!B1,/,.&/,@!-1,!2:0,3<,!&.!K/*4K&(!<&'()!/,0'(-!*3!23!*3</,20,!&.!'3/,52*/!(,0*&30!:#!HSL!
5&-,3-*2((#! :(&<+*39! -1,! -/230</*5-*&3!42<1*3,/#>! $-! *0! -1,/,.&/,! 5&00*:(,! -&! 05,<'(2-,! 2! (*3+!
??????????? ??????????????????????????????????????????????????????????????????????????????,0@!20!
5/,6*&'0(#!),0</*:,)!*3!O125-,/!C!)'/*39!'35,/-'/:,)!?Y5120,>!!
!
C"="G"#63A3B)#%*2)&31()#31,#/1%&3E$#(;)(F8*/1%#&)J8*1J)\#31#/1%&/(3%)#&)23%/*1J;/8#
[&((&%*39! -1,! <&'3-,/*3-'*-*6,! <#-&-&;*<*-#! &:0,/6,)! .&((&%*39! (&%! 23)! 1*91! )&0,! IJYO!
*//2)*2-*&3!*3!()&*($%'+,+!<,((0@!2!5/,(*4*32/#!0-')#!&.!*3-/2Y?!<1,<+5&*3-!/,05&30,!%20!*3*-*2-,)!
'0*39! O1+U! *31*:*-&/! IOHYDU>! I3,;5,<-,)(#@! -1,! 2:0,3<,! &.! K/*4K&(! %20! 2:(,! -&! 52/-*2((#!
UW`!
!
<&45,302-,!*31*:*-*&3!&.!O1+U!20!()&*($%'+,+!<,((0!%,/,!(,00!0,30*-*6,!-&!-1,!<#-&-&;*<*-#!,..,<-!
&.! IOHYDU! )/'9@! *3! -1,! 5/,0,3<,! 23)! 2:0,3<,! &.! IJYO! *//2)*2-*&3! e.*9'/,! Z>U`@! Z>U]@! Z>U^f>!
M&/,&6,/@! -1,! 2:0,3<,! &.! K/*4K&(! %20! 2:(,! -&! 52/-*2((#! <&45,302-,! -1,! *3</,20,! &.! 8H7!
0#3-1,0*0! e.*9'/,! Z>VDf! 23)! ,2/(#!4*-&0*0! ,3-/#! e.*9'/,! Z>VUf! 9,3,/2-,)! :#! O1+U! *31*:*-*&3! :#!
IOHYDU>!B1&0,!,;5,/*4,3-0!01&'()!:,!/,5,2-,)!:#!'0*39!O1+U!LH7*!),5(,-*&3!*30-,2)!&.!IOHY
DU!-&!,30'/,!-1,0,!51,3&-#5,0!2/,!05,<*.*<!-&!O1+U!*31*:*-*&3>!A&%,6,/@!2!/,<,3-!0-')#!01&%3!
O1+U!120!2(0&!23!*45&/-23-!/&(,!20!2!5(2-.&/4!-&!42*3-2*3!L[!5/&9/,00*&3!e?5,/&3*!23'/%"@!VDUVf@!
-1'0! LH7*! ),5(,-,)! <,((0@! &/! J5FC' +,+! 8BCD! <,((0! 01&'()! :,! <&45(,4,3-,)! %*-1! +*320,Y),2)!
,3d#4,!-&!05,<*.*<2((#! *36,0-*92-,! *31*:*-*&3!&.!O1+U!)&%30-/,24!,..,<-&/0>!K/,6*&'0!0-')#!&.!
O1+U!*31*:*-*&3!:#!IOHYDU!120!),4&30-/2-,)!-1,!*3</,20,!&.!8H7!0#3-1,0*0!/2-,!%20!)',!-&!23!
*3</,20,!:*3)*39!&.!O8OCZ!-&!<1/&42-*3! e?#(='20,3!23'/%"@!VDDZf@! -1'0!O8OCZ!3&3Y,;-/2<-2:(,!
5/&-,*3!(,6,(0!01&'()!:,!b'23-*.*,)!*3!()&*($%'+,+!<,((0!*3!-1,!5/,0,3<,!23)!2:0,3<,!&.!IOHYDU!-&!
<&3.*/4!%1,-1,/! -1,!2:0,3<,!&.!K/*4K&(! *3.(',3<,!)*/,<-(#!&/!3&-!&/*9*3! .*/*39>!8H7!<&4:*39!
232(#0*0!*3!()&*($%'+,+!<,((0!<&'()!2(0&!230%,/!-1*0!23)!*3.&/4!%1,-1,/!2!.,,)Y:2<+!4,<123*04!
&.!&/*9*3!.*/*39!<23!<&45,302-,!-1,!),.,<-!*3!L[!5/&9/,00*&3!)'/*39!5,/-'/:,)!23)!'35,/-'/:,)!
?Y5120,>!B&!6,/*.#!%1,-1,/!-1,!,2/(#!4*-&-*<!,3-/#! *0!O8OVZ7Y),5,3),3-!20!0'99,0-,)!:#!-1,!
(*-,/2-'/,!ej*2&!23'/%"@!VDDWf@!5/&-,*3!(,6,(0!&.!O8OVZ7!01&'()!:,!*36,0-*92-,)!*3!()&*($%'+,+!<,((0!
%*-1!-1,!5/,0,3<,!23)!2:0,3<,!&.!IOHYDU>!!
F3,!52/-*<'(2/(#!*3-/*9'*39!/,0'(-!&:-2*3,)!.&((&%*39!O1+U!*31*:*-*&3!:#!IOHYDU!%20!-1,!
*3</,20,!&.!<,((!6*2:*(*-#!&:0,/6,)!*3!()&*($%'+,+!<,((0!.&((&%*39!(&%!)&0,0!IJYO!*//2)*2-*&3!*3!-1,!
5/,0,3<,! &.! WD! 3M!IOHYDU! <&452/,)! -&! *//2)*2-,)!()&*($%' +,+! <,((0! %*-1! 3&! IOHYDU! e.*9'/,!
Z>U`"@!5'/5(,!(*3,0!2-!U!n_4Vf>!$31*:*-*&3!&.!O1+U!%20!-1'0!:,3,.*<*2(!.&/!()&*($%'+,+!<,((0!20!(,00!
25&5-&0*0!%20!&:0,/6,)!2-!C]!1&'/0!5&0-!(&%!)&0,!IJYO!*//2)*2-*&3!e.*9'/,!Z>U^@!U!23)!V!n_4Vf>!
['/-1,/!,;5,/*4,3-0!3,,)!-1,3!-&!:,!)&3,!-&!2))/,00!%1,-1,/!2))*-*&3!&.!IOHYDU!.&((&%*39!
(&%! )&0,! IJYO! er! Vn_4Vf! *45/&6,! <,((! 6*2:*(*-#! &.! ()&*($%' +,+! <,((0! :#! /,(,20*39! -1,4! ./&4! 2!
5&-,3-*2((#!5/&(&39,)!NV!<,((!<#<(,!2//,0-!&/!:#!)*/,<-(#!<&45,302-*39!8H7!/,5(*<2-*&3!),.2'(-!
&:0,/6,)!*3!-1,!2:0,3<,!&.!K/*4K&(!<,((0!23)!(,2)*39!-&!23!2:3&/42(!CH!8H7!<&3-,3-!e.*9'/,!
Z>UVOf>!7!-1&/&'91!232(#0*0!&.!25&5-&0*0!/,05&30,!2-!,2/(#!-*4,!5&*3-0!.&((&%*39!(&%!)&0,!IJYO!
,;5&0'/,!*3!-1,!5/,0,3<,!23)!2:0,3<,!&.!IOHYDU!<&'()!2(0&!/,6,2(!%1,-1,/!23!,2/(#!*3</,20,!
&.!/,5(*<2-*&3Y*3)'<,)!25&5-&0*0!&<<'//,)!20!,;5,<-,)!./&4!-1,!*31*:*-*&3!&.!O1+U>!$3),,)!23!
,2/(#!*3</,20,!&.!25&5-&0*0!)',!-&!IOHYDU!<&'()!-1,3!:,!420+,)!:#!2!/,(,20,!./&4!2!NV!2//,0-!
*3!2!0,<&3)!-*4,>!732(#0*0!&.!<1/&4&0&4,!05/,2)*39!23)!b'23-*.*<2-*&3!&.!51&051&Y1*0-&3,!AW!
%&'()!-1,3!1,(5!-&!.&((&%!%1,-1,/!4*-&0*0!,6,3-0!2/,!5,/-'/:,)!*3!-1,!2:0,3<,!&.!K/*4K&(!23)!
O1+U!*31*:*-*&3>!
UW]!
!
B&!.'/-1,/!'3),/0-23)!1&%!-1,!2:0,3<,!&.!K/*4K&(!<23!<&45,302-,!-1,!IJYO!*3)'<,)!
<#-&-&;*<*-#!(*3+,)!-&!O1+U!*31*:*-*&3@!*-! *0!5&00*:(,!-&!05,<'(2-,!-1,!2:0,3<,!&.!K/*4K&(!<&'()!
)*/,<-(#!5,/-'/:2-,! *3-/2Y?!<1,<+5&*3-!2<-*62-*&3>! $3),,)@!5/,6*&'0!0-')*,0! ./&4!-1,!O*45/*<1!
(2:&/2-&/#!126,!),-,/4*3,)!-1,!*45&/-23<,!&.!5/*4,)!008H7!.&/!7BL!2<-*62-*&3!eM2<8&'92((!
,-!2(>@!VDD`T!K2'(0,3!23)!O*45/*<1@!VDD`T!O*45/*<1!23)!O&/-,d@!VDD]f>!L,<,3-!.*3)*390!0'99,0-!
7BL!2<-*62-*&3!*0!5,/.&/4,)!*3!-%&!5120,0@!23!*3*-*2(!2<-*62-*&3!.&((&%,)!:#!23!245(*.*<2-*&3!&.!
-1,!0*932(@!%*-1!B&5"KU!:,*39!2!+,#!,(,4,3-! *3!:&-1!4,<123*040!eR*3!,-!2(>@!VDUV:T!a23!23)!
M*<12,(@! VDD^:f>! K/*4K&(! <&'()! -1,3! :,! *36&(6,)! *3! &3,! &.! -1,0,!4,<123*040>! B&5"KU! 120!
:,,3!01&%3!*3!j,3&5'0!-&!:,!3,,),)!.&/!-1,!/,</'*-4,3-!&.!K&(!?Y5/*4!23)!-1,!^YUYU!<&45(,;!
2-!0-2((,)!L[0!ea23!23)!M*<12,(@!VDD^2f>!$.!K/*4K&(!*0!*36&(6,)!*3!L[!/,0-2/-!e,>9!&3!-1,!(,2)*39!
0-/23)f@!*-!<&'()!-1,3!:,!*36&(6,)!*3!5/&6*)*39!5/*4,)!008H7@!-1'0!*3.(',3<*39!-1,!<1,<+5&*3-!
/,05&30,>!$-!120!:,,3!5/,6*&'0(#!&:0,/6,)!K/*4K&(!LH7*!),5(,-*&3!*3!MLOYZ!<,((0!23)!jKYJ!<,((0!
(,2)! -&! 23! &6,/Y2<-*62-*&3_5,/0*0-,3<,! &.! O1+U!51&051&/#(2-*&3! .&((&%*39! V! n_4V! e255,3)*;f>!
B1,0,! )2-2! <&3.*/4! -1'0! K/*4K&(! *0! 3&-! )*/,<-(#! 3,,),)! .&/! 7BL! 2<-*62-*&3@! :'-! <&'()! :,!
*36&(6,)!*3!2!5/&<,00!245(*.#*39!7BL!2<-*62-*&3! *3!&/),/!-&!&5-*4*0,!-1,!<1,<+5&*3-!/,05&30,!
23)! 2! b'*<+! /,52*/! &.! -1,! )2429,)! 8H7>! $3! -1,! 2:0,3<,! &.! K/*4K&(@! 2! 0(&%,/! <1,<+5&*3-!
/,05&30,! %&'()! -1,3! -2+,! 5(2<,! (,2)*39! -&! 2! 5,/0*0-,3<,! &.! O1+U! 51&051&/#(2-*&3>! ['/-1,/!
232(#0*0!2/,!-1'0!3,,),)!-&!<&3.*/4!*.!K/*4K&(!<&'()!:,!*36&(6,)!%*-1!B&5"KU!.&/!245(*.*<2-*&3!
&.! 7BL! 0*932(@! %1*<1! <&'()! /,*3.&/<,! -1,! (*3+! :,-%,,3! )2429,! -&(,/23<,! eL[! /,0-2/-f! 23)!
<1,<+5&*3-!2<-*62-*&3>!!
['/-1,/@! 2! /,<,3-! 525,/! *36,0-*92-,)! -1,! (*3+! :,-%,,3! *3-/2Y?! <1,<+5&*3-! 23)! -1,!
<20520,YWY),5,3),3-!25&5-&0*0!/,05&30,!eM#,/0!,-!2(>@!VDD^f>!7<<&/)*39!-&!-1,*/!4&),(@!*3!-1,!
2:0,3<,!&.!O1+U!2<-*62-*&3@!LK7!.&<*!2<<'4'(2-*&3!<&'()!-/*99,/!2!)*/,<-!<20520,YWY),5,3),3-!
25&5-&-*<!/,05&30,>!F3<,!292*3!)2-2!5/,0,3-,)!*3!-1*0!O125-,/!0'55&/-!2!5/&Y25&5-&-*<!/&(,!&.!
K/*4K&(!)',!-&!*-0!/&(,!%*-1*3!L[!5/&9/,00*&3!42*3-,323<,@!%1*<1!<&'()!:,!)*/,<-(#!/,(2-,)!-&!
-1*0!<20520,YWY),5,3),3-!25&5-&0*0!/,05&30,>!
#
# #
UW^!
!
!
!
!
!
BG85AHI!N"!
!
!
5=,(/(:*'(-#!-/!,%:-1;(#*#'!+=1*#!
5,(15-.!0,-'%(#!
! !
UCD!
!
G"!"#N-8&)JJ/*1#*+#;'A31#I&/AI*2#'J/1B#3#03('2*?/&'J#/1J)(%#()22#J.J%)A##
G"!"!"#>?)&?/)@#*+#)-8&)JJ/*1#J%',/)J#*+#&)(*A0/131%#;'A31#I&/AI*2#
F3,!&.! -1,!42*3!9&2(0!&.!0-')#*39!-1*0!3&6,(!,'+2/#&-*<!5/*420,Y5&(#4,/20,!K/*4K&(@!%20!-&!
2<1*,6,!1*91!0<2(,!5'/*.*<2-*&3!&.!-1,!/,<&4:*323-!5/&-,*3!.&/!:*&<1,4*<2(!23)!</#0-2((&9/251#!
0-')*,0>!A'423!K/*4K&(!<8H7!e./&4!$M7NS!<(&3,f!%20!<(&3,)!*3-&!5S-V]!6,<-&/!e-2:(,!V>`f!23)!
-1,!<&30-/'<-!%20!*30,/-,)!*3!62/*&'0!:2<-,/*2(!,;5/,00*&3!0-/2*30!e,>9>!"]WC0!e8,Wf@!"RVU!e8,Wff!
e73)#!N/,,3!23)!7*)23!8&1,/-#@!'35':(*01,)!)2-2f>!I3.&/-'32-,(#@!-1,!#*,()0!&.!,;5/,00*&3!&.!
/,<&4:*323-! 1*0-*)*3,! eA*0f! -299,)! K/*4K&(! eA*0YK/*4K&(f! 5/&-,*3!%,/,! 6,/#! (&%>! $-! %20! 2(0&!
-/*,)! -&! '0,! 23! &5-*4*0,)!6,/0*&3!&.! -1,! <8H7@! -2+*39! *3-&! 2<<&'3-!!"' #$%&! <&)&3!'029,! :*20!
4,-1&)&(&9#!eN,30</*5-f@!:'-!-1*0!255/&2<1!%20!'30'<<,00.'(!20!-1,!5/&-,*3!/,42*3,)!42*3(#!
*30&(':(,!e73)#!N/,,3@!7*)23!8&1,/-#@!5,/0&32(!<&44'3*<2-*&3f>!70!-1,!5&(#5,5-*),!5/,)*<-,)!
0*d,! %20! 2:&6,! ZD! +82! e\C! +82! 2<<&/)*39! -&! S;K7?#! K/&-K2/24! -&&(T! 255,3)*;! "f! *-! %20!
/,<&44,3),)! eN/|0('3)! 23' /%>@! VDD]f! -&! '0,! :2<'(&6*/'0! 0#0-,4@! %1*<1! 5/&6*),0! 2! 4&/,!
0'*-2:(,! ,'+2/#&-*<! -/230(2-*&3! ,36*/&34,3-! e,>9>! 4&/,! 255/&5/*2-,! -LH70@! 4&(,<'(2/!
<125,/&3,0@!,-<f!23)!2(0&!2((&%*39!5&00*:(,!5&0-Y-/230(2-*&32(!4&)*.*<2-*&30!&.!-1,!5/&-,*3>!$3!
-1*0!%2#!-1,!.&()*39!&.!-1,!5&(#5,5-*),!<23!:,!*45/&6,)@!5&-,3-*2((#!*3</,20*39!-1,!0&(':*(*-#!&.!
-1,! /,<&4:*323-! 5/&-,*3! eN1&01! 23' /%"@! VDDVf>! "2<'(&6*/'0! ,;5/,00*&3! 6,<-&/! 0#0-,4! e"SJ?f!
,;5(&*-0! -1,! .2<-! -12-! :2<'(&6*/'0! <23! *3.,<-! *30,<-! <,((0! :'-! 2(0&!42442(*23! 1,52-&<#-,0! *3!
<'(-'/,! eN1&01! 23' /%"@! VDDVf>! B1,! 9,3&4,! &.! -1,! 6*/'0! e)&':(,Y0-/23),)! 23)! <*/<'(2/f! *0!
,39*3,,/,)!-&! *3-,9/2-,!-1,!1,-,/&(&9&'0!<8H7!&.!-1,!5/&-,*3!&.! *3-,/,0->! $3.,<-*&3!&.! *30,<-!
<,((0!%*-1! -1,! /,<&4:*323-!:2<'(&6*/'0! 01'--(,!6,<-&/! e&/!:2<4*)f! (,2)0! -&! -1,!,;5/,00*&3!&.!
-1,!,<-&5*<!5/&-,*3!%*-1*3!23!,'+2/#&-*<!0#0-,4!*3!2!(2/9,!b'23-*-#>!!
!
G"!"4"#N-8&)JJ/*1#*+#;'A31#I&/AI*2#'J/1B#03('2*?/&'J#)-8&)JJ/*1#J.J%)A##
K/*4K&(!<8H7!%20!.*/0-!<(&3,)!*3-&!2!5[20-"2<YAB!6,<-&/!*3!&/),/!-&!,;5/,00!-1,!5/&-,*3!%*-1!2!
HY-,/4*32(!A$?!-29@!'3),/!-1,!<&3-/&(!&.!2!0-/&39!5&(#1,)/*3!5/&4&-,/!2<<&/)*39!-&!-1,!"2<!-&!
"2<!0#0-,4!e$36*-/&9,3f>!B/2305&0*-*&3!/,2<-*&3!%*-1!B3`!,(,4,3-0!2((&%,)!-1,3!*3<&/5&/2-*&3!
&.! /,<&4:*323-!K/*4K&(!%*-1*3!-1,!:2<4*)!9,3&4,!e:MFHUCV`V@!<&3-2*3*39!23!>03$.)/85/'
#/%&G$);&#/!4'(-*5(,!3'<(,2/!5&(#1,)/&0*0!6*/'0! e7<MHKJf!9,3&4,f@!20!),0</*:,)! *3! .*9'/,!\>U!
e0-,50! U! 23)! Vf>! [&((&%*39! ,;-/2<-*&3! &.! -1,! /,<&4:*323-! :2<4*)! ./&4!!"' #$%&! 8AUD"2<! <,((0!
e.*9'/,!\>U@!0-,5!Wf@!*30,<-!<,((0!48$:$832)/'G)0.&82):/!<(&32(!*0&(2-,!^!!?.Y^f!%,/,!-/230.,<-,)!*3!
&/),/!-&!&:-2*3!2!/,<&4:*323-!:2<'(&6*/'0!0-&<+!KU!e.*9'/,!\>U@!0-,5!Cf>!?,6,/2(!245(*.*<2-*&3!
!"#$%&#'()*(
)+$,-.+/-01(
)21!2.(
&#'/+3(
4)56&#'(
)21!2.(
*.#7$80./#%+07( *.#7$!0$+%+07(
92'0/:+7#7%((
&#'/+3(4;<(
*.#7$82'%+07(
=>??">=*@;(
92'0/:+7#7%((
&#'A10B+.A$(!#.%+'12$(
@782'%+07(
@7$2'%('211$(
"+CA.2(DE5F(GB2.B+2H(08(:#'A10B+.A$(2I!.2$$+07($J$%2/E(
!
"5#!$%&'()*%+&,-*'!*)!!"#$%&!./012&3!3455(!6-,7!89&(,2&3!/$!:43,*%!3*',&-'-';!7<+&'!=%-+=*5>!
35*'4?! -'@4,644'! $'A! ,%&'(8*(*'! (-,4(! "B455*6! (C<&%4(#D! ! 2&3,4%-&5! 3455(! 3*',&-'! &! 74584%!
85&(+-?! 4'3*?-';! ,%&'(8*(&(4! 4'EB+4! ,7<(! &55*6-';! -',4;%&,-*'! *)! /-(F=%-+=*5! -'(-?4! ,74!
@&3+-?! ;4'*+4! "@5&3G! %43,&';54#! "K#D! H43*+@-'&',!@&3+-?!.IJ! -(! 4K,%&3,4?! )%*+!./01@&3!
3455(!"L#!&'?!,74'!,%&'()43,4?!-',*!-'(43,!3455(!L)FM!6-,7!NOPP9ON$QI!%4&;4',!"M#D!!H43*+@-'&',!
@&3<5*:-%<(! (,*3G! =0! -(! ,74'! %4F&+85-)B! @B! -')43,-';! )%4(7! L)FM! 3455(! "N#! &'?! ,74! 8%*34((! -(!
%484&,4?!(4:4%&5!,-+4!<',-5!&!?434',!:-%&5!,-,4%! -(!*@,&-'4?D!N&%,**'!&?&8,4?!)%*+!Q':-,%*;4'!
2&3F,*F2&3!+&'<&5D!!
O8,P(
Q5R( QKR(
QLR(
QMR(
QNR(
UCU!
!
/&'3)0! %,/,! /,5,2-,)! :#! *3.,<-*39! ?.Y^! <,((0! %*-1! -1,! 5/,6*&'0! :2<'(&6*/'0! 0-&<+! '3-*(! -1,!
<&3<,3-/2-*&3!&.!-1,!6*/'0!/,2<1,)!UD`!5.'_4(!e.*9'/,!\>U@!0-,5!Zf>!!7((!-1,!0-,50!),0</*:,)!1,/,@!
./&4! -1,! <(&3*39! -&! -1,! 9,3,/2-*&3! &.! KU! :2<'(&6*/'0! 0-&<+@! %,/,! 5,/.&/4,)! :#! 2! .&/4,/!
<&((,29',@!73)#!N/,,3>!
7-!-1*0!0-29,@!)*..,/,3-!6*/'0!<&3<,3-/2-*&30!%,/,!-,0-,)!-&!&5-*4*0,!-1,!*3.,<-*&3!5/&-&<&(!&3!2!
042((!0<2(,!&.!?.Y^!<,((0!e.*9'/,!\>Vf>!7!</'),!5'/*.*<2-*&3!&.!K/*4K&(!5/&-,*3!%20!-1,3!5,/.&/4,)!
-&! ),-,/4*3,! -1,! &5-*42(! <&3)*-*&30! &.! *3.,<-*&3! e.*9'/,! \>Vf>! 7! \\! +82! 5/&-,*3! 05,<*,0@!
<&//,05&3)*39! -&! A*0YK/*4K&(!%20! <(,2/(#! 6*0*:(,! *3! -1,! ,('-*&3! ./2<-*&30@! 23)!4&/,! 0-/&39(#!
5/,0,3-! *3! -1,! .*/0-! ./2<-*&30@! 20! ,;5,<-,)>! B1,! (20-! ,('-,)! 0245(,0! <&3-2*3,)! ,6,3! 5'/,/!
K/*4K&(!20!4&0-!&.!-1,!5/&-,*3!<&3-24*323-0@!05,<*,0!:*3)*39!-1,!3*<+,(!/,0*3!3&3Y05,<*.*<2((#@!
%,/,!5/,6*&'0(#!,('-,)>!$3.,<-*&3!%*-1!23!*3-,/4,)*2-,!<&3<,3-/2-*&3!&.!:2<'(&6*/'0!5/&6*),)!
-1,!:,0-!#*,()!e.*9'/,!\>V"f>!$3</,20*39!-1,!24&'3-!&.!6*/'0!:#!2!.2<-&/!V>Z!%20!5/&:2:(#!-&;*<!
.&/! -1,! <,((0! 20! (,00! K/*4K&(! 5/&-,*3! %20! ,;5/,00,)! e.*9'/,! \>VOf>! 73! *3</,20,! &.! 5/&-,*3!
),9/2)2-*&3! 0,,4,)! '3(*+,(#! 20! -1,! 24&'3-! &.! 042((,/! 05,<*,0! er! \\! +82f! %,/,! 0*4*(2/!
:,-%,,3!:&-1!0245(,0!&:-2*3,)!.&((&%*39!*3.,<-*&30!%*-1!VDD!23)!ZDD!?(!&.!6*/'0!e.*9'/,!\>V"!
23)!Of>!!
!
G"!"9"#I'&/+/(3%/*1#*+#I&/AI*2#)-8&)JJ),#/1#/1J)(%#()22J#'J/1B#3#03('2*?/&'J#J.J%)A#
R2/9,!0<2(,!5'/*.*<2-*&3!%20!'3),/-2+,3!'0*39!-1,!:2<'(&6*/'0! *3.,<-*&3!<&3)*-*&30!5/,6*&'0(#!
),-,/4*3,)! e.*9'/,! \>Wf>! F3<,! -1,! <,((0! (#0,)! e*3! -/*-&3! <&3-2*3*39! :'..,/f! 23)! -1,! 5/&-,*3!
/,<&6,/,)!./&4!<,3-/*.'92-*&3@!2..*3*-#!23)!*&3!,;<1239,!<1/&42-&9/251#!<&('430@!<&33,<-,)!
-&! 2! (&%! 5/,00'/,! 5'45*39! 0#0-,4! exEB7! K/*4,@! 74,/0124! K12/42<*2f@! %20! '0,)! -&!
2<<,(,/2-,!23)!&5-*4*d,!-1,!5'/*.*<2-*&3!5/&<,00!e.*9'/,!\>Wf>![&((&%*39!*44&:*(*d,)!4,-2(!*&3!
2..*3*-#! <1/&42-&9/251#! e$M7Of@! /,<&4:*323-! A*0YK/*4K&(! 5/&-,*3! %20! /,<&6,/,)! ./&4! -1,!
3*<+,(!/,0*3!eH*YHB7f!:#!*3</,20*39!*4*)2d&(,!<&3<,3-/2-*&3!*3!-1,!,('-*&3!:'..,/!e.*9'/,!\>W7f>!
S6,3! -1,! .*/0-! ,('-,)! ./2<-*&3@! &:-2*3,)! %*-1! Zs! &.! :'..,/! "@! %1*<1! <&3-2*3,)! WDD! 4M!
*4*)2d&(,@!5/,0,3-,)!2!1*91!5/&5&/-*&3!&.!.'((!(,39-1!K/*4K&(!5/&-,*3!<&452/,)!-&!-1,!24&'3-!
&.!<&3-24*323-!&/!),9/2)2-*&3!05,<*,0!e.*9'/,!\>W7f>!A&%,6,/@!%1,3!0':0,b',3-!5'/*.*<2-*&3!
0-,50! e,>9>! *&3!,;<1239,!<1/&42-&9/251#f!%,/,!'3),/-2+,3!&3! -1,!K/*4K&(!<&3-2*3*39! $M7O!
./2<-*&30@! 2! 620-! 5/&5&/-*&3! &.! -1,! 5/&-,*3! %20! 0':=,<-! -&! ),9/2)2-*&3! ),05*-,! +,,5*39! -1,!
0245(,0!&3!*<,!23)!*3!-1,!5/,0,3<,!&.!5/&-,20,!*31*:*-&/0!e.*9'/,!\>W"@!05,<*,0!r!\D!+82f>!$-!120!
:,,3!)*..*<'(-!-&!2))/,00!*.!-1,!42=&/!),9/2)2-*&3!05,<*,0!e(23,0!W!23)!C@!'3),/3,2-1!.'((!(,39-1!
!"#$%&' ()*+' ,-.//' 01./&' 2$%"3"1.4"56' 53' 7%"-75/' %&15-8"6.64' 2%54&"6' "6' ,39:'
1&//0'$0"6#'8.1$/5;"%$0'0<04&-)'
!
"#$%%!$#&'()!&*!"*+,!-.%%/!012!#%3!4.5.!6(*.-).7!*&5!,8!9&'5/!0:65'/!;<3!=.*&5.!*5..>6(?!)9.!-.%%!
@.%%.)/!6(!%6A'67!(6)5&?.(!$(7!/)&5.7!)9.#!$)!+BC?DE!F**6(6)G!@'56*6-$)6&(!'/6(?!/#$%%!=$)-9!&*!H6+
HIF! 5./6(! 4$/! @.5*&5#.7! -&%%.-)6(?! /#$%%! $%6A'&)! &*! /$#@%.! $)! .$-9! /).@! &*! )9.! @5&-.//E!
D&&#$//6.! /)$6(6(?! &*! "J"+;FKL! $($%G/./! $5.! 5.@5./.().7! 9.5.! *&%%&46(?! M! 6(7.@.(7.()!
6(*.-)6&(/! 46)9! .6)9.5! 0=3! 2C! ?%! 0>3' NCC! ?%! 0?3! &5! 2CC! ?%! &*! :65'/! ;<E! ???????????! /$#@%./!
-&55./@&(7.7!)&!)9.!@.%%.)!&=)$6(.7!*&%%&46(?!%G/6/!&*!)9.!-.%%/O!??????!*5$-)6&(!-&55./@&(7.7!
)&!)9.!-.%%!%G/$)!=.*&5.!=6(76(?!)&!)9.!5./6(E!P%&4!)95&'?9!0PI3!5.@5./.().7!)9.!*5$-)6&(!&*!-.%%/!
496-9! 767! (&)! =6(7! )&! )9.! 5./6(E!Q$/9./!4.5.! @.5*&5#.7!46)9! 6(-5.$/.7! -&(-.()5$)6&(/! &*!
6#67$>&%.! 01C!#RS! NC!#R!$(7! MC!#R! *5&#! 56?9)! )&! %.*)3E! P6:.! /'--.//6:.! .%')6&(! *5$-)6&(/!
0*5&#!56?9)!)&!%.*)3!4.5.!@.5*&5#.7!6(!%G/6/!='**.5!/'@@%.#.().7!46)9!MCC!#R!6#67$>&%.E!T%$-U!
$55&4/!6(76-$).!V6/+;56#;&%!@5&).6(!*'%%!%.(?)9!/6>.E!
='
>'
?'
UJ$!!
N2C!
12C!
1CC!
W2!
2C!
MW!
N2!
UJ$!!
N2C!
12C!
1CC!
W2!
2C!
MW!
UJ$!!
N2C!
12C!
1CC!
W2!
2C!
MW!
!"#
$!#
%""#
&$#
'!#
%!"#
'!"#
()*##
!"#$%&'()*+',%"-,./'0%.1&"2'0$%"3"451".2'"2'6378'4&//9'$9"2#':54$/.;"%$9'9<91&-)'
#
+*,-.#/0*1.#23""#415#67#8793#0.11/#:.,.#;<7.0=.>#76,#3?#@6A,/#2B;,A/#CD5#E.76,.#FGHI#JA,;7;0*=;6<#
:;=@#K;9KLH#,./;<#:*/#J.,76,4.>#6<#=@.#/*4.#>*M#67#=@.#0.11#@*,B./=N#2=5#I664*//;.#/=*;<;<-#
67#8)89CHOP#*<*1M/;/#*116:.>#B;/A*1;/*=;6<#67#=@.#J,6=.;<#/*4J1./#0611.0=.>#*=#>;77.,.<=#/=*-./#
67#=@.#FGHI#JA,;7;0*=;6<N#Q6116:;<-#=@.#E;<>;<-#67#=@.#0.11#.R=,*0=#6<=6#=@.#,./;<S#716:#=@,6A-@#
2QL5#:*/#0611.0=.>#*<>#=@.#,./;<#:*/@.>#:;=@#1M/;/#EA77.,#06<=*;<;<-#&"#4G#;4;>*T61.N#P1A=;6</#
:;=@#;<0,.*/;<-#06<0.<=,*=;6<#67#U#EA77.,#206<=*;<;<-#&""#4G#;4;>*T61.5#:.,.#J.,76,4.>#2!V#
=6# %""V# U5N# Q,*0=;6<# 0611.0=.># :;=@# &"V# U# 2E1*0(# E6R5# :*/# =@.<# A/.># 76,# *<;6<# .R0@*<-.#
0@,64*=6-,*J@M# 2>5# A/;<-# 46<69W# 061A4<# *<># XYLH# JA,;7;.,# 2H4.,/@*4# C@*,4*0;*5N#
I664*//;.#/=*;<;<-#67#8)89CHOP#*<*1M/;/#21.7=#J*<.15#:*/#J.,76,4.>#=6#B;/A*1;/.#=@.#>;77.,.<=#
7,*0=;6</# 0611.0=.>#EM# =@.#JA,;7;.,# *006,>;<-# =6#6J=;0*1# *E/6,E*<0.# 71A0=A*=;6</# ,.*>;<-/# 2Z[#
1;-@=#*=#'\"#<4S#E1A.#0A,B.S# ,;-@=#J*<.15N#KA4E.,/#67# =@.# 7,*0=;6</# 2%935#*,.# ;<>;0*=.>#A<>.,#
=@.#06,,./J6<>;<-#J.*(/#67#=@.#0@*,=N# 
='
>'
%# '# &# D# !# ?# $# \# 3#
!"#
$!#
%""#
&$#
%!"#
'!"#
()*##
UCV!
!
K/*4K&(f! /,0'(-,)! ./&4! &6,/3*91-! 0-&/29,! 2-! pCuO@! *3:,-%,,3! :&-1! <1/&42-&9/251#! 0-,50@!
e<&452/*0&3! (&2)! 0245(,! 23)! WDs! $M7O! ,('-*&3f! &/! ./&4! -1,! <&3<,3-/2-*&3! &.! -1,! 5/&-,*3!
0245(,! *3-&!2! (&%Y02(-!:'..,/! /,b'*/,)! .&/! *&3!,;<1239,!<1/&42-&9/251#! e.*9'/,!\>W7!23)!"f>!
M&/,&6,/@! 0-2:*(*-#! &.! K/*4K&(! :2<'(&6*/'0! 0-&<+0! 120! 5&0,)! 2! /,2(! 5/&:(,4! *3! -,/4! &.!
/,5/&)'<*:*(*-#! &.! ?.Y^! *3.,<-*&3! 5/&-&<&(0@! 23)! ),05*-,! -1,! .2<-! ./,01! 0-&<+0! &.! 6*/'0! %,/,!
/&'-*3,(#!42),@! -1*0! &/*9*32(! 1*91! #*,()! &.! K/*4K&(! 5/&-,*3! e.*9'/,! \>V"f!%20! 3,6,/! 2<1*,6,)!
292*3! e)2-2! 3&-! 01&%3f>! K/&:(,40! ,;5,/*,3<,)! )'/*39! -1,! 5'/*.*<2-*&3! 5/&<,00! e.*9'/,! \>W"@!
1*91!(,6,(0!&.!),9/2)2-*&3f!23)!)'/*39!*3.,<-*&3!&.!?.Y^!<,((0!e)',!-&!-1,!62/*2:*(*-#!&.!-1,!6*/'0!
0-&<+0f!(,)!'0!-&!0,2/<1!.&/!23&-1,/@!4&/,!/,5/&)'<*:(,@!,;5/,00*&3!0#0-,4>!!
!
G"!"="#I&/AI*2#8;*J8;*&.23%/*1#J/%)J#/,)1%/+/),#/1#&)(*A0/131%#I&/AI*2#
70!)*0<'00,)!5/,6*&'0(#@! &3,!2)623-29,!&.!'0*39!:2<'(&6*/'0! -,<13&(&9#! *0! -1,!,;5/,00*&3!&.!
/,<&4:*323-!5/&-,*3!*3!,'+2/#&-*<!0#0-,4@!2((&%*39!5&0-Y-/230(2-*&32(!4&)*.*<2-*&30!-&!&<<'/!&;'
7&7$! :,.&/,! 5'/*.#*39! -1,! 5/&-,*3>! H&-2:(#@! /,<&4:*323-! K/*4K&(! 5/&-,*3! 5/,52/,)! ./&4!
:2<'(&6*/'0! 5/,52/2-*&30! %20! &:0,/6,)! -&! 4*9/2-,! 20! 2! )&':(,-! &3! ?8?YK7NS! e.*9'/,! \>W"@!
(23,0!Z!.&/!,;245(,f>!7!0*4*(2/!)&':(,-!%20!5/,6*&'0(#!&:0,/6,)!:#!g,0-,/3!:(&-!232(#0*0!%*-1!
,3)&9,3&'0! K/*4K&(! 5/&-,*3! ./&4! 1'423! <,((! ,;-/2<-0! 23)! 2(0&! %*-1! 1'423! K/*4K&(!
&6,/,;5/,00,)! *3!8BCD! <,((0! e.*9'/,0!C>UU! 23)!\>UUOf>!g,! 05,<'(2-,)! -1,3! -12-! 2! ./2<-*&3!&.!
K/*4K&(!42#! :,! 51&051&/#(2-,)! *3! ?.Y^! <,((0! -1'0! /,0'(-*39! *3! 2! 1*91,/!4*9/2-*39! 05,<*,0! &3!
?8?YK7NS>!B&!-,0-!-1*0!1#5&-1,0*0@!/,<&4:*323-!K/*4K&(!5/&-,*3!5'/*.*,)!./&4!:2<'(&6*/'0!%20!
-/,2-,)!%*-1! (24:)2! e?f! 51&0512-20,! -&! 0,,! *.! -1,! 5&-,3-*2(!4&)*.*<2-*&3! *0! 0,30*-*6,! -&! -1*0!
,3d#4,!e.*9'/,!\>C7T!,;5,/*4,3-!5,/.&/4,)!:#!73)#!N/,,3f>!B1,!)*0255,2/23<,!&.!-1,!1*91,/!
05,<*,0! &.! -1,! )&':(,-@! 2.-,/! UZ!4*3'-,0! *3<':2-*&3! 2-! WDuO!%*-1! -1,! ,3d#4,! e.*9'/,! \>C7f@!
*3)*<2-,)! -12-! K/*4K&(! 12)! :,,3! 51&051&/#(2-,)! &;' 7&7$! :#! ,3)&9,3&'0! *30,<-! +*320,0>! B&!
<&3.*/4!-1*0!1#5&-1,0*0!23)!),-,/4*3,!-1,!0*-,0!&.!51&051&/#(2-*&3@!2!0245(,!&.!,2<1!05,<*,0!
&.!-1,!)&':(,-!e.*9'/,!\>C"f!%20!0,3-!.&/!4200!05,<-/&4,-/#!232(#0*0!e8/!M2/+!?+,1,(@!OLYIEf!
23)! .&'/! 0,/*3,! 0*-,0! %,/,! .&'3)! 51&051&/#(2-,)! *3! -1,! 1*91,/! 05,<*,0! &3(#! e.*9'/,! \>CO@!
'3),/(*3,)! *3!/,)f>![&((&%*39!&3!-1*0!232(#0*0@! 0245(,0!5/,52/,)!./&4!0-/,5-26*)*3!5'((Y)&%3!
5,/.&/4,)!%*-1!0-2:(,!A,+V^W!<,((!(*3,!&6,/,;5/,00*39!1'423!K/*4K&(!%,/,!2(0&!0,3)!-&!4200!
05,<-/&4,-/#!23)!&3(#!0,/*3,!/,0*)',0!C^^!23)!ZDU!e.*9'/,!\>CO@!<*/<(,)!*3!/,)f!%,/,!01&%3!-&!
:,! 51&051&/#(2-,)! e?,23! L'))@! 7*)23! 8&1,/-#@! 5,/0&32(! <&44'3*<2-*&3f>! $-! *0! -1,/,.&/,!
5&00*:(,!-&!05,<'(2-,!-12-!-1,!51&051&/#(2-*&3!&:0,/6,)!&3!0,/*3,!/,0*)',0!WW!23)!VZZ!%,/,!
)',!-&!?.Y^!05,<*.*<!+*320,0>!H&3,-1,(,00@!4'-29,3,0*0!&.!?C^^!23)!?ZDU!*3-&!2(23*3,!/,0*)',0!e77!
!"#"$"%"&"'"("%")"%"*"+"'"'"$"(","-"."'"$"%"/")",","0"."$"/"$")"!"%"/"'"'"/"/","+"&"$")"1"-"$"*"("*"("1"#"1"0"
%","2"%"'"3"0"-"0"1"(")"'"2"%"0"4"3"4"*"$"+".")"0"5"5"."("'"1"&"1"."."%","$"%"#")")"-"2"."'"0"+"/"'"#"("0"2"%")"
."1""")"#"1"#"%"/"("#"/"4"("3"4"%"%"!"0"(")")"+"'"."0"2"%"(")"*"'")"."4"0"#"2","("'"3"0")"#")"3",","5"3"'"%"1","
$"-")"+"1"*")"-"3"0"("1"%"3"#"+"-"0"4"#"1")"$"%"+")"*"/"(")"3")")"4","'"3"3"3","("/"'"5"5"4"-"4"1"/"-"1","'"("/"
("$"*"4"1","1"#"%"!"1"5"'"%"("5"'"'","&"5","#","%"%")"'"$")"4"!"("'"*",","/"3")","1")"0"0"%"#"#"!"4"'"%"-")"1"
0""")"4"0"."5"$"#"$"#"1"$")"."%",","%"+"4"%"$"0"(")"'"0"5"'"3"#"%"1"1"/"+"*","%"3"0","3"'"."*"."1")",",")"0","#"0"
$"1","3"5")"$"+")"5"2"'"/","*"#"%"*"%"4"0"4"."1"#","+"4"5","0"'"5"+"'"4"1"*"2","/"."/"'"0"3"-"1"0")",")"0"#"%"3"4"
+"%"4"4"+"$"$"&"#"."1"1"/"'"'")")"0"."3"+"2"%"."$"&"2"'"#"+"4"$"("-"%","#"#"+"!"+")"0"3")"%"#"'"0"&"."*"%"2"-"
3"/"0"2"%"("'"#"1"%","3"2"1"/")"/"("'"0"2")")"1")"1"%"'"'"'"'"1"5"5"3"'"("3"'"5"$","#"'"5"*"#"/"-"%"/$!"/"!"$")","
5"4"(","("3"("0"&"3"#"4"+"3"3"("."1")"'"("5"'"3"("'")"("'"("("'"#",")")","."#","'"0"3"'"+"/"3"'")"+"+"'"0")"*"'"
,678"
"
9:"
:;"
%$
&$
'()*+,$-./0$1*234$5+(2567$896:896+;73<,=$:(<,:$(4$!>?@$34=$9*234$A,77:.$
"
<%="?"8>7?8>@6@?A"6BA@6CAD6?"EABA"8ABF7BCAG"@6"H;?2"EI6>"J"?K"7F"/BIC/7L"8B76AID"@DG":"?L"
7F" ADMNCA" F7B" ;O" P:O" Q;" @DG" PJ;" CIDR6A?" SAF7BA" @D@LN?IDK" 6>A" ?@C8LA?" SN" ,3,T/(4'U"
<AV8ABICAD6"8ABF7BCAG"SN"(U"4BAAD=U"<B="-RC@D"-I?T/BIC/7L"8B76AID"AV8BA??AG"SN"S@WRL7XIBR?"
?N?6AC"ID",FY"WALL?"@DG"8RBIFIAG"SN"#IT#5("+!(2O"@DG"@DI7D"AVW>@DKA"C7D7"*"W7LRCD?O"E@?"
BRD"7D",3,T/(4'"<Z["@WBNL@CIGA="67"?A8@B@6A"S76>"?8AWIA?"7F"6>A"G7RSLA6"@DG"?AD6"A@W>"S@DG"
67"3B"!@B\",\A>AL" <2$T]%=" F7B"C@??" ?8AW6B7CA6BN"@D@LN?I?U" <&=$-RC@D"??? ?????" @CID7"@WIG"
?A^RADWA"W7D6AD6?"_"8>7?8>7BNL@6I7D" ?I6A?" F7RDG" ID" 6>A"C@??" ?8AW6B7CA6BN"@D@LN?I?" `" ?ABIDA"
BA?IGRA?"HHO"J::O"_YY"@DG":;P"<RDGABLIDAG"ID"BAG=U",_YY"@DG",:;P"<WIBWLAG"ID"BAG="EABA"@L?7"F7RDG"
8>7?8>7BNL@6AG" ID"-A\JYH"WALL?"?6@SLN"AV8BA??IDK">RC@D"/BIC/7LU"(WIGIW"BA?IGRA?"8@B6"7F"6>A"
W@6@LN6IW" 6BI@G"@BA" @L?7" IDGIW@6AG" <SLRA=U" <"=" 2@B677D"7F" >RC@D"/BIC/7L" 8B76AID" GA6@ILIDK" 6>A"
87?I6I7D?"<@CID7"@WIG"DRCSAB"RDGABDA@6>="7F"6>A"W7D?ABXAG"G7C@ID?"7F"6>A"8B76AIDa"C76IF"+O"++"
@DG" +++" <LIK>6" SLRA=" @BA" W>@B@W6ABI?6IW" 7F" ('/" G7C@ID" <G@B\" SLRA=U" 27D?AD?R?" ?A^RADWA?" @BA"
IDGIW@6AG"SAL7E"EI6>"6>A"W7D?ABXAG"BA?IGRA?"<S7LG="7F"6>A"W@6@LN6IW"6BI@G"<C76IF?"+"@DG"+++="@DG"
DRWLA76IGA?" SIDGIDK" <C76IF" ++=U" bIDW" FIDKAB" G7C@ID" <KBAAD=" @DG" 6>A" 8>7?8>7BNL@6I7D" ?I6A?"
<SB7ED="F7RDG"ID"S76>",FTY"@DG">RC@D"WALL?"@BA"@L?7"IDGIW@6AGU" 
"$
C?$ ?&$
PPP" PQ9" _PY" _:P"J9Y" :Q;"
!/@@$!DEF$
\3@"
B$
9:"
:;"
\3@" 5ICA"
).1")#$ ,$1$ 0"$
UCW!
!
51&051&Y3'((!4'-23-f!&/!*3-&!9('-24*<!2<*)!eSS@!51&051&!4*4*<!4'-23-f!120!:,,3!5,/.&/4,)!
*3! [(29Y0-/,5! K/*4K&(! <&30-/'<-! -&! 9,3,/2-,! -%&! 51&051&/#(2-*&3! 4'-23-! 1'423! <,((! (*3,0!
eR2'/2!"2*(,#@! 7*)23!8&1,/-#@! 5,/0&32(! <&44'3*<2-*&3f>!F6,/Y,;5/,00*39! K/*4K&(!77!4'-23-!
/23! 20! 2! 0*39(,! 05,<*,0! &3!g,0-,/3! :(&--*39! 232(#0*0@!%1,/,20! SS!4'-23-!%20! 0*4*(2/! -&!gB!
5/&-,*3!,;-/2<-@! <&3.*/4*39! -1,!1*91,/!:23)!&.! -1,! )&':(,-! <&//,05&3),)! -&!51&051&/#(2-,)!
0-2-,!&.!K/*4K&(! eR2'/2!"2*(,#@!7*)23!8&1,/-#@!5,/0&32(!<&44'3*<2-*&3f>!['/-1,/! (&<2(*02-*&3!
0-')*,0!2/,!'3),/%2#!%*-1!-1,0,!-%&!<,((!(*3,0!-&!*36,0-*92-,!*.!-1,!51&051&/#(2-*&3!0-2-,!<23!
*3.(',3<,! -1,! <,(('(2/! )*0-/*:'-*&3! &.! -1,! 5/&-,*3! eR2'/2! "2*(,#@! 7*)23! 8&1,/-#@! 5,/0&32(!
<&44'3*<2-*&3f>!!
!
G"4"#N-8&)JJ/*1#*+#;'A31#I&/AI*2#'J/1B#*+!,&'$#$U'++2)#J.J%)A#
G"4"!"#>?)&?/)@#*+#*+!,&'$#$U'++2)#8&*%)/1#)-8&)JJ/*1#J.J%)A##
?,6,/2(! :2<-,/*2(! 0-/2*30@! 05,<*.*<2((#! ,39*3,,/,)! -&! *45/&6,! ,;5/,00*&3! &.! (&%! 0&(':*(*-#!
5/&-,*3@! e,>9>!L&0,--2!N24*!V@!"RVU!<&)&3!5('0f!126,!:,,3!-,0-,)!:#!.&/4,/!4,4:,/0!&.!-1,!
(2:&/2-&/#! 23)! ?A'..(,! 0-/2*3! eHS"f! 5/&6*),)! -1,!4&0-! 5/&4*0*39! /,0'(-0! eB240#3!O/&4%,((@!
7*)23!8&1,/-#@!5,/0&32(!<&44'3*<2-*&3f>!?A'..(,!0-/2*3!120!:,,3!&:-2*3,)!:#!4&)*.#*39!"RVU!
!"' #$%&! <,((0! *3! &/),/! -&! *3-/&)'<,' 2! ),(,-*&3! &.! -%&! /,)'<-20,! 9,3,0! 9('-2/,)&;*3! e.$)f! 23)!
-1*&/,)&;*3!/,)'<-20,!e3)UBfT!4'-2-*&3!&.!-1,!5,/&;*)20,!/58J!e2(+#(!1#)/&5,/&;*),!5,/&;*)20,!
0':'3*-!Of!-&!2!)*0'(51*),!/,)'<-20,!*0!-1,3!3,,),)!-&!/,0-&/,!-1,!6*2:*(*-#!&.!-1,!<,((0!eL*-d!23'
/%"@! VDDUf>! B1,0,!4&)*.*<2-*&30! &.! -1,! /,)&;! 0-2-,! 23)! -1,! ,;5/,00*&3! &.! 2! )*0'(51*),! :&3)!
*0&4,/20,!e80:Of!2((&%!-1,!.&/42-*&3!&.!0-2:(,!)*0'(51*),!:&3)0!%*-1*3!-1,!<#-&5(204!&.!-1,0,!
?A'..(,!<,((0@!20!),5*<-,)!*3!.*9'/,!\>Z7!eR&:0-,*3!23'/%"@!VDUVf>!B1*0!<&4:*32-*&3!,3123<,0!-1,!
.&/42-*&3!&.!)*0'(51*),!:&3)0!%*-1*3!-1,!/,<&4:*323-!5/&-,*30!*45/&6*39!-1,*/!<&//,<-!.&()*39@!
1,3<,! -1,*/! 0&(':*(*-#>!M&/,&6,/@! 80:O! 120! 2(0&! :,,3! 01&%3! -&! 2<-! 20! 2! <125,/&3,! 5/&-,*3!
*3),5,3),3-(#!&.! *-0! /&(,! *3! )*0'(51*),! :&3)0! .&/42-*&3! eR&:0-,*3! 23' /%"@! VDUVf>! B1,! 0-/2*3! *0!
/,<&44,3),)!-&!:,!9/&%3!2-!WDuO@!0(&%*39!)&%3!-1,!,;5/,00*&3!5/&<,00!&.!-1,!/,<&4:*323-!
5/&-,*3!23)!5&-,3-*2((#!5/,6,3-*39!-1,4!.&/!),9/2)2-*&3>!
!
G"4"4"#>8%/A/J3%/*1#*+#8'&/+/(3%/*1#8&*%*(*2J#/1#*+!,&'$#$U'++2)#()22J#
7! 042((! 0<2(,! ,;5/,00*&3! -/*2(! %20! .*/0-! 5,/.&/4,)! -&! ),-,/4*3,! -1,! &5-*4'4! <&3)*-*&30! &.!
*3)'<-*&3!&.!/,<&4:*323-!A*0YK/*4K&(!e.*9'/,!\>\f>!!"'#$%&!?A'..(,!<,((0@!-/230.&/4,)!%*-1!5S-V]Y
!"#$%&'()*+',-."/"012"-3'-/'24&'%&.-5'6212&'"3'!"#$%&''78$//9&'0&996)'
!
"#$%&&'! ()*+#,','-! %.(!/&0,1,2#%,&'3! ('-,'(($(0! ,'!!"#$%&' 2(++3! %&! 2.#'-(! %.(! $(0&)! 3%#%(!&1!
45611+(! ??????! 27%&*+#3/8! "73%(,'(! $(3,06(3! 97(++&:! ;#++3<! #$(! 0(*,2%(0! #3! $(062(0! 9;#++<! &$!
&),0,=(0! 9;#++! :,%.! 3%,2><8! ?(3*,%(! %.(! 0(+(%,&'! &1! -+6%#$(0&),'! $(062%#3(! -('(! 9($)<!
@+6%#$(0&),'! A! 9@$)A<! $(/#,'3! $(062(0! 06(! %&! %.(!/6%#%,&'! &1! %.(! *($&),0#3(! B.*"! ,'%&! #!
0,36+1,0(! $(062%#3(! 9B.*"C<8! 5&:(D($E! F.,&$(0&),'GA! 9F$)A<! $(/#,'3! &),0,3(0! 06(! %&! %.(!
0(+(%,&'!&1!F$)A!$(062%#3(!-('(!*)+,8!!H$&%(,'!()*$(33(0!,'!45611+(!2(++3!2#'!%.('!;(!$(062(0!
;7!@$)A!9:<!&$!&),0,3(0!;7!F$)A!9;<8!H$(3('2(!&1!0,36+*.,0(!;&'0!,3&/($#3(!9?3;"<!#++&:3!%.('!
%.(!2&$$(2%!1&+0,'-!&1!%.(!/,3G&),0,3(0!*$&%(,'!9<<8!"#$%&&'!#0#*%(0!1$&/!I&;3%(,'!-.'/%8E!JKAJ8!
=:>' =;>' =<>'
!"#$%&'()(*'+,-..'/0-.&'&12%&//"34'35'6$,-4'7%",73.'"4'!"#$%&''+8$55.&'0&../)'
!
"#!$%!&'!()!!"#$! *+,''%-! .-%%/0! 1234/'&2$-5!6718!9(:;<=>27$>&%!9%3/$750!6-2-!?2&64!31!@#?A!
,417%! &917.3%! 3B/&2B34.-! 31! C##! 4$! 2-3.8-5! #)D)! A,%1,2-/!6-2-! 18-4! 745,.-5!6718! 57''-2-41!
.&4.-412317&4/! &'! E>:F! G#)"! &2! #)D! $H! '743%I! 345! 74.,B31-5! '&2! -718-2! @! 8&,2/! 31! @#?A! &2!
&J-247?81!31!"C?A!B-'&2-!'2--K74?!18-!.-%%!9-%%-1/)!A-%%!6-2-!18-4!%L/-50!/&47.31-5!345!%&35-5!
&41&!"#M!*N*!9&%L=3.2L%3$75-!?-%!B-'&2-!O-/1-24!B%&1!343%L/7/)!P7/,3%7/317&4!&'!1&13%!92&1-74/!
63/! 3.87-J-5! BL! >&4.-3,! /137474?! &'! 18-!$-$B234-! G9I'345! 3417=+7/! 3417B&5L!63/! ,/-5! 1&!
5-1-.1!2-.&$B74341!+7/=>27$>&%!92&1-74!/9-.7'7.3%%L!G:I) 
QN3!!
R#!
SR!
"##!
@S!
;R!
"R#!
;R#!
QN3!!
R#!
SR!
"##!
@S!
;R!
"R#!
;R#!
9' :'
UCC!
!
K/*4K&(!e-2:(,!V>`f!%,/,!9/&%3!2-!WDuO!'3-*(!-1,!<'(-'/,!/,2<1!,;5&3,3-*2(!9/&%-1!eF8\DD!??????
:,.&/,! )*..,/,3-! <&3)*-*&30! &.! $KBN! *3)'<-*&3! %,/,! -,0-,)! e.*9'/,! \>\f>! O'(-'/,0! *3)'<,)!
&6,/3*91-!2-!U\uO!/,0'(-,)!*3!2!:,--,/!#*,()!-123!<,((0!9/&%3!.&/!W!1&'/0!2-!WDuO!20!*3)*<2-,)!:#!
-1,!g,0-,/3!:(&-!b'23-*.*<2-*&3!e.*9'/,!\>\"f>!$3!-1*0!<20,@!:&-1!$KBN!<&3<,3-/2-*&30!-,0-,)@!D>U!
23)! D>C!4M@! )*)! 3&-!42+,! 23#! )*..,/,3<,! &3! -1,! 24&'3-! &.! -&-2(! 5/&-,*3! 5/&)'<,)! e.*9'/,!
\>\"f>!B1,!5/&<,00!%20!-1,3!0<2(,)!'5!23)!5'/*.*<2-*&3!5/&-&<&(0!&5-*4*0,)!-&!&:-2*3!2! (2/9,!
24&'3-! &.! 2<-*6,@! 3&3Y),9/2),)! K/*4K&(! 5/&-,*3@! *3! 2! 5/,52/2-*&3! ),5/*6,)! &.! 5/&-,*3!
<&3-24*323-0>!7!WR!<'(-'/,!&.!?A'..(,!!"'#$%&'<,((0!-/230.&/4,)!%*-1!5SBV]YK/*4K&(@!%20!9/&%3!
*3! 4,)*2! <&3-2*3*39! UDD! ?M! d*3<! 0'(512-,! 20! -1,!4,-2(! *&3! 120! :,,3! 5/,6*&'0(#! 01&%3! -&!
*45/&6,!-1,!0-2:*(*-#!&.!d*3<Y.*39,/!<&3-2*3*39!5/&-,*30!e",/9!23'/%"@!U^^Df>!7.-,/!&6,/3*91-!$KBN!
*3)'<-*&3! 2-! U\uO@! 5/&-,*30! %,/,! (#0,)! *3! 2! :'..,/! <&3-2*3*39! HKCD! 23)! (#0&d#4,! 20! *-! %20!
3&-*???? ???????? ??????? ?????? ???? ??? ????????????? ?????????? ??? ?????? ?????? ???YK/*4K&(! %20!
/,<&6,/,)!./&4!5/&-,*3!(#02-,!:#!$M7O!5'/*.*<2-*&3!'0*39!H*YHB7!/,0*3!e.*9'/,!\>`7f>![&((&%*39!
5/&-,*3!:*3)*39!0-,5!23)!.(&%!-1/&'91!<&((,<-*&3@!-1,!/,0*3!%20!%201,)!-1&/&'91(#!%*-1! (#0*0!
:'..,/!-1,3!%*-1!Zs!,('-*&3!:'..,/!"!%1*<1!<&3-2*3,)!WDD!4M!*4*)2d&(,!e.*9'/,!\>`7f>!S('-*&3!
&.! -1,! /,42*3*39! .'((! (,39-1!K/*4K&(!5/&-,*3!%20! 2<1*,6,)!:#! .('01*39! -1,!H*YHB7! /,0*3!%*-1!
UDDs!"!:'..,/! e.*9'/,!\>`7f>!A&%,6,/@! -1*0! ./2<-*&3!2(0&!<&3-2*3,)!1*91,/!Mg!05,<*,0!%1*<1!
3,,),)! -&!:,! /,4&6,)!:#! .'/-1,/!<1/&42-&9/251#!5'/*.*<2-*&3! 0-,50! e.*9'/,!\>`7f>!73!23*&3!
,;<1239,! PY?,512/&0,! <&('43!%20! -1,3! '0,)! -&! .'/-1,/! 5'/*.#! -1,! 5/&-,*3! 5/,52/2-*&3@! 20!
K/*4K&(! -1,&/,-*<2(! *0&,(,<-/*<! 5&*3-! *0! Z>\! 2<<&/)*39! -&! S;520#! 5/&-,*3! 52/24,-,/! -&&(!
e255,3)*;! "f@! -1,/,.&/,! *-! 01&'()! :,! 3,92-*6,(#! <12/9,)! 2-! 5A! `>Z! 23)! 2:(,! -&! :*3)! -&! -1,!
5&0*-*6,(#! <12/9,)! 0&(*)! 0'55&/-! &.! -1,! PY?,512/&0,! <&('43>! $3),,)@! 2.-,/! )*('-*&3! &.! -1,!
0245(,!eUDDs!"!,('-*&3!$M7Of! *3!2! (&%!02(-!:'..,/@!:&-1!K/*4K&(!23)!-1,!1*91,/!Mg!05,<*,0!
%,/,!0-*((!2:(,!-&!:*3)!-&!-1,!<&('43!:'-!-1,!42=&/*-#!&.!-1,!<&3-24*323-!%20!,('-,)!*3!(&%,/!
02(-!<&3<,3-/2-*&3!./2<-*&30!e.*9'/,!\>`"f>!A&%,6,/@!2!042((!5&/-*&3!&.!'3%23-,)!5/&-,*3!%20!
0-*((!5/,0,3-!*3!-1,!.*/0-!K/*4K&(!<&3-2*3*39!,('-*&3!./2<-*&3!e.*9'/,!\>`"@!./2<-*&30!*3!-1,!:&;f>!$-!
%20! -1,3! ),<*),)! .&/! -1,! 0':0,b',3-! 5'/*.*<2-*&30! &.! K/*4K&(! :#! *&3! ,;<1239,! <&('430@! -&!
5,/.&/4!2!0-,5!,('-*&3!5/&<,00!%1,/,!<&3-24*323-!05,<*,0!%,/,!,('-,)!%*-1!VDs!&.!"!:'..,/!
<&3-2*3*39! U! M! H2O(! e)2-2! 3&-! 01&%3f>! F-1,/%*0,@! 2! 1,52/*3Y?,512/&0,! <&('43@! 2! 50,')&!
??????????????????????? ???????????????????????????????????????????????????????????????????
8H7!:*3)*39! 5/&-,*3! K/*4K&(! ./&4! *-0! 3&3Y05,<*.*<! <&3-24*323-0@!%1*<1! )*)! 3&-! :*3)! -&! -1,!
<&('43!e.*9'/,!\>`Of>!!
7! .*32(! 5'/*.*<2-*&3! 0-,5! %20! 2<1*,6,)! '0*39! 0*d,Y,;<('0*&3! <1/&42-&9/251#@! %1*<1!
2((&%0!0,52/2-*&3!&.!5/&-,*30!2<<&/)*39!-&!-1,*/!0*d,!23)!0125,>!B1*0!0-,5!*0!,00,3-*2(!-&!2<1*,6,!
!"
#$%&'(")*+,"-&./0"1'$.123"4'25($0"4&'$6$7/5$20"&8$0%"$0"9*"!"#$%:-&663("7(338*"
!
"#!$%!&'!!"#$!()*%%+,!-,++.!/012.%$03,4!56/7!8&9:;<=063=$+!5,0,!624*-,4!1/!>??@!%$0!>;!7$*0.!
56/7! A'B! 3C! D=9E! F,%$0,! %0,,G62H! /7,! -,++.! 8,++,/'! @$$31..6,! ./16262H! $%! >AI! (J(<
8$+K1-0K+1364,! H,+.! 51.! 8,0%$03,4! %$++$562H! /7,! .*--,..6L,! 8*06%6-1/6$2! ./,8.'! M!N! 9$/1+!
80$/,62!.138+,!6..*,!$%!/7,!-,++!8,++,/!+K.6.!51.!+$14,4!$2/$!O6<O9P!0,.62!M#$14N!124!/7,!%+$5!
/70$*H7!MQ9N!-$++,-/,4'!P2!1+6R*$/!$%!2$2<624*-,4!124!62.$+*F+,!.138+,.!5,0,!1+.$!+$14,4!$2/$!
/7,!H,+!/$!-7,-S!/7,!+,L,+!$%!,T80,..6$2!124!.$+*F6+6/K!$%!0,-$3F6212/!7*312!=063=$+'!O6-S,+!
0,.62!51.! /7,2!51.7,4!56/7! +K.6.!F*%%,0! M-$2/16262H!"A!3C! 63641G$+,N!124!,+*/,4!56/7!U!$0!
>AAI!V!F*%%,0!-$2/16262H!"AA!3C!63641G$+,'!=063=$+!-$2/16262H!%01-/6$2!M>AAI!VN!51.!/7,2!
46+*/,4!62!1!F*%%,0!56/7!2$!.1+/!124!+$14,4!$2/$!1!W<.,8710$.,!-$+*32!M;N'"(1+/!H0146,2/!MA!/$!
>C!O1@+N!51.!8,0%$03,4!/$!,+*/,!/7,!80$/,62.!F$*24!/$!/7,!0,.62'!=063=$+!-$2/16262H!%01-/6$2.!
MF+1-S!F$TN!5,0,!8$$+,4X!46+*/,4!56/7!2$!.1+/!124!+$14,4!$2/$!7,81062!0,.62!M<N'!(/,8!,+*/6$2!
56/7!46%%,0,2/!8,0-,2/1H,.!$%!V!F*%%,0!-$2/16262H!>!C!O1@+!M>A<>AAI!VN!1++$5,4!.,8101/6$2!$%!
-$2/136212/.!124!0,-$3F6212/!7*312!=063=$+!M0,4!-60-+,N'! 
;"
<"
SJ1!!
:UA!
>UA!
>AA!
YU!
UA!
"Y!
:U!
E0146,2/!O1@+! Q9!
SJ1!!
:UA!
>UA!
>AA!
YU!
UA!
"Y!
UA!
YU!
"Y!
:U!
>UA!!
:UA!!
SJ1!!
>AA!!
UCZ!
!
6,/#!1*91!5'/*-#!&.! -1,!5/&-,*3!23)!,(*4*32-,!23#!299/,92-,)! 05,<*,0!:,.&/,!5,/.&/4*39!23#!
</#0-2((&9/251#!0-')*,0>!7(0&!-1*0!<1/&42-&9/251#!-,<13*b',!2((&%0!),-,/4*32-*&3!&.!5&-,3-*2(!
299/,92-,! 0-2-,0! &.! -1,! 5/&-,*3! *3! 0&('-*&3>! [&/! ,;245(,@! 2! )*4,/! %*((! ,('-,! 2-! 2! 6&('4,!
<&//,05&3)*39!-&!-%*<,!-1,!Mg!&.!4&3&4,/*<!5&(#5,5-*),>!L,<&4:*323-!1'423!A*0YK/*4K&(!
5/&-,*3@!5/,6*&'0(#!5'/*.*,)!:#!$M7O!23)!1,52/*3Y?,512/&0,!2..*3*-#!<&('430@!%20!(&2),)!&3-&!
2!?'5,/),;!?VDD!<&('43!23)!,('-,)!&3-&!W!4(!./2<-*&30!0':4*--,)!-&!IJV]D!2:0&/:23<,!:,.&/,!
<&((,<-*&3!e.*9'/,!\>]7f>!B%&!42*3!5,2+0!e3'4:,/,)!U!23)!\!&3!.*9'/,!\>]7f!,2<1!.&((&%,)!:#!2!
01&'(),/!e./2<-*&30!V!.&/!5,2+!U@!23)!./2<-*&30!`!-&!^!.&/!5,2+!\@!.*9'/,!\>]7f!%,/,!/,9*0-,/,)!&3!
-1,!IJ!2:0&/:23<,!<12/->!?8?YK7NS!232(#0*0!&.!-1,0,!,('-,)!./2<-*&30!/,6,2(,)!-1,!5/,0,3<,!&.!
2!0*39(,!05,<*,0!e./2<-*&30!U!-&!\f!<&//,05&3)*39!-&!gB!.'((! (,39-1!A*0YK/*4K&(!5/&-,*3@!23)!-&!
5&-,3-*2((#!),9/2)2-*&3!./294,3-0!e./2<-*&30!`!-&!UDf!e.*9'/,!\>]"f>!B1,!42=&/!5,2+!e3'4:,/!\f!
<&//,05&3),)!-&!-1,!6&('4,!&.!,('-*&3!&.!2/&'3)!\D!+82@!-1'0!1'423!K/*4K&(!4&3&4,/*<!0*d,@!
2<<&/)*39! -&! 2! 5/,Y<2(*:/2-*&3! &.! -1,! ?VDD! <&('43! eH*9,(! "/*00,--@! 7*)23! 8&1,/-#! 5,/0&32(!
<&44'3*<2-*&3f>!B1,/,.&/,@!5,2+!U!23)! *-0!01&'(),/! ./2<-*&30! e5&&(,)!23)!324,)!./2<-*&3!V@!
.*9'/,!\>]7f!<&'()!<&//,05&3)!-&!299/,92-*&3!&/!)*4,/*02-*&3!0-2-,!&.!K/*4K&(>!7.-,/!2!<(&0,/!
(&&+!-&!-1,!?8?YK7NS!232(#0*0@! ./2<-*&30!U!23)!V!255,2/,)!-&!4*9/2-,!0(*91-(#! (&%,/!-123!-1,!
.&((&%*39!./2<-*&30@!0'99,0-*39!2!6,/#!042((!)*..,/,3<,!*3!-1,!0*d,!&.!-1&0,!05,<*,0!e.*9'/,!\>]"f>!
B1*0! <&'()! /,.(,<-! 5&0-Y-/230(2-*&32(!4&)*.*<2-*&30! &.! K/*4K&(! %*-1*3! !"' #$%&! ?A'..(,! <,((0>! B&!
6,/*.#! -1*0! 1#5&-1,0*0@! 23&-1,/! ?8?YK7NS! 232(#0*0! 01&'()! :,! 5,/.&/4,)! %*-1! 2! (&%,/!
2</#(24*),!5,/<,3-29,!&/!'0*39!K1&0Y??????????????????1*<1!05,<*.*<2((#!/,-2/)!-1,!4*9/2-*&3!
&.!51&051&/#(2-,)!5/&-,*3!-&!2((&%!-1,*/!6*0'2(*02-*&3!eE*3&01*-2!23'/%"@!VDD\f>![/2<-*&30!`!-&!UD!
e.*9'/,!\>]"f! <&3-2*3,)!42*3(#!),9/2)2-*&3!5/&)'<-0!&.!K/*4K&(! 23)! -1,/,.&/,!%,/,! -/255,)!
.&/!2!(&39,/!-*4,!*30*),!-1,!5&/&'0!42-/*;!&.!-1,!?,512),;!<&('43@!/,0'(-*39!*3!2!(2-,!,('-*&3!
<&452/,)! -&! :*99,/! 5&(#5,5-*),0! '32:(,! -&! 5,3,-/2-,! *30*),! -1,! 42-/*;! 23)! ,('-,)! ,2/(*,/!
e.*9'/,!\>]7f>![/2<-*&30!U!-&!Z!e.*9'/,!\>]f!%,/,!5&&(,)!-&9,-1,/@!<&3<,3-/2-,)!-&!U>U!4(!2-!U>V!
49_4(! 23)! 042((! 6&('4,0! 2(*b'&-0!%,/,! +,5-! *3! Y]DuO! .&((&%*39! 0325! ./,,d*39! 0-,5! *3! (*b'*)!
3*-/&9,3! '3-*(! 5,/.&/4*39! &;' 7&3)$! 2<-*6*-#! 2002#0! e0,,! .&((&%*39! 0,<-*&3f>! S('-*&3! ./2<-*&30!
<&45&0*39!-1,!42*3!5,2+!3'4:,/!\@!e.*9'/,!\>]f@!%,/,!5&&(,)!23)!<&3<,3-/2-,)!-&!VDD!?(!2-!
]>]!49_4(!23)!'-*(*0,)!.&/!</#0-2((&9/251#!-/2*(0@!%1*<1!126,!0&!.2/!5/&6,3!'30'<<,00.'(!e)2-2!
3&-!01&%3f>!F3,!&.!-1,!42*3!/,20&30!.&/!-1,!</#0-2((&9/251#!2--,45-!.2*('/,!%20!-1,!0-2:*(*-#!
&.!K/*4K&(!5/&-,*3@!%1*<1!299/,92-,0!%1,3!+,5-!2-!CuO!e)2-2!3&-!01&%3f>!!
!
!
!"#$
%"#$
%##$
!" #" $" %" &" '" (" )" !*"+",-.""
&"$
"#$
'&$
!"$
/01234"'5)6"728.9":308:;<"=3;>409"4<2>0;9"=3;?0<4";9"@0A4"4BC<2@0;9"C;<2895"
$
(D)$ *+,-.$ -/01-2$ 3+14567$ .+/$ 89$ ,:31-:,60/$ (!;#$ 6<)$ 1=$ .+/$ 25==/-/6.$ >-5<>1?$ @-1./56$
=-,0.5163$ (A/-.50,?$ :?B/$ ?56/3)$ /?B./2$ ,001-2567$ .1$ .+/5-$ 35C/$ =-1<$ ,$ DB@/-2/E$ D!##$ 01?B<6F$
G-,0.5163$01<@13567$5625A52B,?$@/,H3$(%I$!I$J$,62$%#)$4/-/$@11?/2$,62$,6,?K3/2$:K$DLDM>NOP$
(E)F$ Q625A52B,?$ =-,0.5163$ @-/0/2567$ ('I$ R$ ,62$ ")$ ,62$ =1??14567$ (&I$ ;$ ,62$ S)$ .+/$ <,T1-$ @/,H$
(6B<:/-$ J)$ 4/-/$ ,6,?K3/2$ 3/@,-,./?K$ .1$ @-/A/6.$ ,6K$ @1./6.5,?$ 016.,<56,.516$ 1=$ .+/$<,T1-$
>-5<>1?$ 3@/05/3F$ U+/$ 3,<@?/$ ?1,2/2$ 16.1$ .+/$ 01?B<6$ (?1,2)$ 01--/3@162/2$ .1$ V53M>-5<>1?$
@-1./56$@B-5=5/2$=-1<$QWN*I$516$/E0+,67/$,62$+/@,-56$0+-1<,.17-,@+K$01?B<63F$$
!" #"
'"
!*"
$F&" (F+"
D"
E"
UC\!
!
G"4"9"#U'A31#I&/AI*2#&)(*A0/131%#8&*%)/1!/J#31#3(%/?)#657#8*2.A)&3J)#
K/,(*4*32/#! <12/2<-,/*02-*&30! &.! K/*4K&(! 5/&-,*3@! 5'/*.*,)! ./&4! !"' #$%&! "RVU! 23)! :2<'(&6*/'0!
5/,52/2-*&30@!5/,6*&'0(#!),4&30-/2-,)!5&(#4,/20,!23)!5/*420,!2<-*6*-*,0!&.!-1,!,3d#4,!e73)#!
N/,,3@!7*)23!8&1,/-#@!5,/0&32(!<&44'3*<2-*&3f>!B&!<&3.*/4!-1,!5/&-,*3!5'/*.*,)!./&4!-1,!!"'
#$%&! ?A'..(,! <,((0! %20! 2(0&! 23! 2<-*6,! 5&(#4,/20,@! 2! .('&/,0<,3-! 5/*4,/! ,;-,30*&3! 2002#! %20!
5,/.&/4,)!e.*9'/,!\>^f>!B&!,30'/,!-1,!05,<*.*<*-#!&.!-1,!2002#@!2!K/*4K&(!<2-2(#-*<!3'((!4'-23-!
%20!2(0&!9,3,/2-,)!23)!5'/*.*,)!*3!0*4*(2/!<&3)*-*&30!-123!-1,!gB!5/&-,*3!e.*9'/,!\>^7f>!"20,)!
&3! 5/,6*&'0! 0-/'<-'/2(! 23)! 4'-29,3,0*0! 0*-,! 0-')*,0! &.! 7SK0@! /,0*)',0! ,00,3-*2(! .&/! -1,!
<2-2(#0*0@!-1&0,!/,05&30*:(,!.&/!-1,!:*3)*39!&.!-1,!)*62(,3-!4,-2(!*&30@!<23!:,!5/,)*<-,)!e$*#,/!23'
/%>@! VDDZT! R*550!23' /%>@! VDDW! 23)!VDDCf>! B1'0@! 2052/-*<! 2<*)!8UUC! 23)! 9('-24*<! 2<*)! SUU\! &.! -1,!
4&-*.! $! &.! 7SK! )&42*3! &.! 1'423! K/*4K&(! %,/,! <1&0,3! 23)!4'-2-,)! -&! 2(23*3,! /,0*)',0! :#!
<&36,3-*&32(!4'-29,3,0*0!KOL!e.*9'/,!\>CO!23)!8f>!['((! (,39-1!gB!23)!<2-2(#-*<!3'((!e/,.,//,)!
20! 7;7!4'-23-f! /,<&4:*323-! A*0Y-299,)! K/*4K&(! 5/&-,*30!%,/,! :&-1! /,<&6,/,)! ./&4! !"' #$%&!
?A'..(,! <,((! (#02-,0! 23)! 5'/*.*,)! *3! 0*4*(2/! <&3)*-*&30! 20! ),0</*:,)! *3! 0,<-*&3! \>V>V>! "&-1!
5'/*.*<2-*&3! 5/,52/2-*&30@! /,0'(-*39! *3! 0*4*(2/! (,6,(0! &.! 5'/*-#! 20! &:0,/6,)! :#! ?8?YK7NS! 23)!
O&&4200*,! 0-2*3*39! e.*9'/,!\>^7f@!%,/,! -1,3!0':=,<-,)! -&! .('&/,0<,3-!5/*4,/!,;-,30*&3!2002#!
e.*9'/,!\>^"f>!$3!-1,!5/,0,3<,!&.!)HBK0!23)!4293,0*'4!%*-1*3!-1,!/,2<-*&3!:'..,/@!gB!K/*4K&(!
%20!2:(,! -&! .'((#!,;-,3)!-1,! (2:,((,)!5/*4,/@!:'-! -1,!42=&/*-#!&.! -1,!/,2<-*&3!5/&)'<-0!%,/,!
*3-,/4,)*2-,0!0'99,0-*39!-1,!(&%!5/&<,00*6*-#!&.!K/*4K&(!20!2!8H7!5&(#4,/20,!e.*9'/,!\>^"@!gB!
(*3,f>! H&3,-1,(,00@! -1*0! 2<-*6*-#! %20! *3-/*30*<! -&! K/*4K&(! 20! 4'-2-*&3! &.! -1,! <2-2(#-*<! 0*-,0!
2:&(*01,)! 8H7! 0#3-1,0*0! e.*9'/,! \>^"@! 7;7! (*3,f>! I0,! &.! -1,! 7;7! 4'-23-! 2(0&! 2((&%0!
<&3.*/42-*&3! &.! -1,! 2:0,3<,! &.! 23#! <&3-24*323-! 5&(#4,/20,! ,3d#4,0! -12-! <&'()! 126,!
5&-,3-*2((#!:,,3!<&Y5'/*.*,)!%*-1!K/*4K&(>!B1*0!2002#!2((&%,)!'0!-&!<&3.*/4!K/*4K&(!%20!2!8H7Y
),5,3),3-!8H7!5&(#4,/20,@!23)!/,0*)',0!8UUC!23)!SUU\!%,/,!,00,3-*2(! .&/! -1,!2<-*6*-#!&.! -1,!
5/&-,*3@!:#!5/,0'42:(#!2((&%*39!-1,!:*3)*39!&.!4293,0*'4!*&30!-&!<2-2(#0,!-1,!/,2<-*&3>!!
['/-1,/! K/*4K&(! &;' 7&3)$! 2<-*6*-#! 0-')*,0! 126,! :,,3!'3),/-2+,3!:#! 23&-1,/! <&((,29',!
en&d%*2+&%0+*! ?-23*0(2%f! '0*39! -1,! 5/&-,*3! 0-&<+! 5'/*.*,)! :#! 0*d,! ,;<('0*&3! <1/&42-&9/251#!
),0</*:,)! *3! \>V>V@! 23)! 2((&%,)! -1,! <12/2<-,/*02-*&3! &.! K/*4K&(! BR?! 2<-*6*-#! -&! :#5200! IJYO!
51&-&5/&)'<-0!e255,3)*;!7f>!
!
!
!
!"
#"
!"# $%$#
$%&'()"*+,-".(%/)(")01)23%42"53356+"
#
&#'#()*+,-)*,.)/0#/1#23)42/-#5)-6#.789#&!"'#/3#:,.,-7.):#4+.,0.#&$%$'#83/.9)0*#;7#<=<>2$?@#,06#
A//4,**)9#*.,)0)0B#,.#.C9#906#/1#.C9#8+3)1):,.)/0#83/:9**#&-91.#,06#3)BC.#B9-*#39*89:.)D9-7'E#&!'"
23)493# 9%.90*)/0# ,**,7# 8931/3496# 5).C# FGG# 0H# /1# !"# /3# :,.,-7.):# 4+.,0.# $%$# 23)42/-#
83/.9)0*# &8+3).7# /1# .C9# *./:I*# D93)1)96# )0# &#''# /0# ,# JG>493# =K$# .948-,.9# 5).C# ,# LG>493#
1-+/39*:90.-7# -,;9--96# 83)493# &*.,3# *74;/-# /0# .C9# J?# 906# /1# .C9# 83)493'# ,*# 698):.96# ;7# .C9#
:,3.//0#&-91.#8,09-'E#M9,:.)/0#5,*#8931/3496#,.#NOPA#1/3#NG#4)0+.9*#;91/39#./#;9#Q+90:C96#
,06# 39*/-D96#;7#=K$>2$?@#,06# .C9# 1-+/39*:90:9#69.9:.96#5).C#,# R+S)# *:,0093# &3)BC.#8,09-'E#
<)T9#/1#.C9#)0).),-#83)493#,06#.C9#1+--7#398-):,.96#.948-,.9#,39#)06):,.96#/0#.C9#*)69#/1#.C9#B9-E# 
23)42/-#!"# U#
23)42/-#$%$# U#>#
>#
23)493#9%.90*)/0#
83)493#
R+--#9%.90*)/0#
JG#
OJ#
NO#
LJ#
FJG##
LJG##
I=,##
FGG##
??#
??# ??#JG>493#
LG>493#
UC`!
!
G"4"="#I'&/+/(3%/*1#*+#%&'1(3%),#+*&AJ#*+#;'A31#I&/AI*2#8&*%)/1#
8,05*-,! -1,! 0*93*.*<23-! #*,()!&.! /,<&4:*323-!K/*4K&(!5/&-,*3! /,<&6,/,)! ./&4!!"' #$%&! <'(-'/,0@!
2/&'3)!U>Z!49!&.!5/&-,*3!5,/! (*-/,!&.!?A'..(,! <,((0@!23)!23!&5-*4*0,)!5/&-&<&(!&.!5'/*.*<2-*&3!
2((&%*39!-1,!,3/*<14,3-!&.!1'423!K/*4K&(!5/&-,*3!2(&3,@!.'/-1,/!&5-*4*02-*&3!5/&<,00,0!3,,)!
-&!:,!5,/.&/4,)!:,.&/,!</#0-2((&9/251#!0-')*,0!<23!:,!,..*<*,3-(#!23)!0'<<,00.'((#!5,/.&/4,)>!
$-! %20! .*/0-! ),<*),)! -&! 5'/*.#! -/'3<2-*&3! .&/40! &.! -1,! 5/&-,*3! ,>9>! <2-2(#-*<! )&42*3! 2(&3,@!
,;5,<-*39!-12-!-1,0,!042((,/!)&42*30!%&'()!:,!4&/,!0-2:(,!23)!5&-,3-*2((#!4&/,!0&(':(,!-&&@!
,32:(*39! -1,! 5/&-,*3! -&! :,! 4&/,! 0'*-2:(,! .&/! .'-'/,! </#0-2((*02-*&3! 0-')*,0>! B1,! ),0*93! &.!
-/'3<2-,)!.&/40!&.!K/*4K&(!%20!9'*),)!'0*39!&;'1&%&#$!5/,)*<-*&3!&.!-1,!0,<&3)2/#!0-/'<-'/,!&.!
K/*4K&(@!&:-2*3,)!%*-1!K?$KLS8!0,/6,/!en&3,0@!U^^^f@!-&!5/,6,3-!23#!)*0/'5-*&3!&.!<&30,/6,)!
)&42*3!&/!.&(),)!0-/'<-'/,0!e,>9>!?Y1,(*;!&/!?Y01,,-f!eH*9,(!"/*0,--!23)!7*)23!8&1,/-#@!5,/0&32(!
<&44'3*<2-*&3f>!$-!%20!.*/0-!),<*),)!-&!/,4&6,!23#!5'-2-*6,!4*-&<1&3)/*2(!(&<2(*02-*&3!0*932(!
eMR?f! '0'2((#! 5/,0,3-! *3! -1,! HY-,/! &.! -1,! 5/&-,*3@! -1'0! ),(,-*39! -1,! .*/0-! \D! 24*3&! 2<*)0! &.!
1'423! K/*4K&(! e.*9'/,! \>^"@! ?H-,/f>! $3),,)! -1,! 5/&:2:*(*-#! &.! -1*0! 52/-! &.! -1,! 5&(#5,5-*),!
0,b',3<,! -&! <&3-2*3! 2! MR?! %20! 0*93*.*<23-! eD>\f! 2<<&/)*39! -&! M*-&5/&-! 5/,)*<-*&3! %,:0*-,!
eO(2/&0!23'/%"@!U^^\f>!7!5/&-&<&(!2)25-,)!./&4!-1,!*36,/-,)!KOL!4,-1&)!%20!'0,)!-&!9,3,/2-,!
-1,!<&30-/'<-!)*/,<-(#!./&4!5SBV]2YK/*4K&(!gB!.'((!(,39-1!5(204*)!e5/*4,/0!),0</*:,)!*3!-2:(,!
V>Z! 23)! <&30-/'<-0! *3! -2:(,! V>`f>! B1,! 5/,)*<-,)! 0*d,! &.! -1*0! HY-,/! -/'3<2-*&3! %20! \D! +82!
eS;K7?#f@! <&//,05&3)*39! -&! -1,! (&%,/! :23)! &:-2*3,)! &3! ?8?YK7NS! 232(#0*0! .&((&%*39! $M7O!
5'/*.*<2-*&3!23)!O&&4200*,!0-2*3*39!e.*9'/,!\>UD"@!:(2<+!2//&%f>!K'/*.*<2-*&3!&.!?H-,/!K/*4K&(!
/,0'(-,)! *3! -1,!:*3)*39!23)!,('-*&3!&.! -%&!05,<*,0@! -1,!K/*4K&(! 05,<*.*<!:23)!2-! p\D!+82!:'-!
2(0&!2!p`D!+82!3&3Y05,<*.*<!05,<*,0!e.*9'/,!\>UD"f>!"&-1!05,<*,0!%,/,!5'/*.*,)!2-!-1,!024,!(,6,(!
e024,! *3-,30*-#!&.! -1,!O&&4200*,! 0-2*3*39f@!%1,/,20! $M7O!5,/.&/4,)!&3!gB! .'((! (,39-1!A*0Y
K/*4K&(! <'(-'/,0! /,0'(-,)! 5/,)&4*323-(#! *3! -1,! 5'/*.*<2-*&3! &.! .'((! (,39-1! e\\! +82f! K/*4K&(!
05,<*,0!e.*9'/,!\>UD7@!UDDs!"f>!B1*0!)*..,/,3<,! *3!-1,!5'/*.*<2-*&3!&.!-1,!<&3-24*323-!05,<*,0!
<&'()! :,! ,;5(2*3,)! :#! 2! (&%,/! ,;5/,00*&3! (,6,(! &.! 0&(':(,!?H-,/! K/*4K&(@! -1'0! 2((&%*39! 23!
*3</,20,)!:*3)*39!&.!3&3Y1*0-*)*3,!-299,)!5/&-,*30!-&!-1,!3*<+,(!/,0*3>!$3),,)@!),(,-*&3!&.!-1,!
.*/0-! \D! 24*3&! 2<*)0! &.! K/*4K&(! /,0'(-,)! *3! 23! *3</,20,! &.! *30&(':(,! K/*4K&(! 5/&-,*3! e.*9'/,!
\>UD"@!*30&(':(,!(23,f>!!
OY-,/!),(,-*&30!%,/,!2(0&!'3),/-2+,3!-&!0-')#!-1,!,;5/,00*&3!(,6,(!23)!-1,!0-2:*(*-#!&.!
2!01&/-,/!K/*4K&(!5&(#5,5-*),>!$3),,)@!-1,!OY-,/!/,9*&3!&.!-1,!5/&-,*3!*0!3&-!1*91(#!<&30,/6,)!
*3! 2((! 05,<*,0! 23)! *0! 2(0&! 5/,)*<-,)! -&! :,! (,00! &/),/,)! e7*)23! 8&1,/-#@! 5,/0&32(!
<&44'3*<2-*&3f>!B&!9,3,/2-,!-1*0!<&30-/'<-@!2!0-&5!<&)&3!%20!*3-/&)'<,)!:#!4'-29,3,0*0!KOL!
!"#$%&'()*+,'-%".-/0'1%$2341"/2'5$%"6"341"/27'"2'!"#$%&'#89$660&'3&007)'
!
"#$%&''()*!+*,! -./0!$1%(2(3+4()*'!)2!5%(65)7!8(7,!49$&! 2177! 7&*:4;!$%)4&(*! <=>?!+6(*)!+3(,'@!
<:@A!5%(65)7!,&7&4&,!)2! 4;&! 2(%'4!>?!+6(*)!+3(,'! <;@A! +*,!5%(65)7! 4%1*3+4&,!)2! (4'!0! 4&%6(*+7!
,)6+(*! <'4)$! 3),)*! +4! 4;&! $)'(4()*! B>B@! <<@C! /77! 4;%&&! 31741%&'!8&%&! :%)8*! +*,! $1%(2(&,! (*!
'(6(7+%! 3)*,(4()*'! 4)! +77)8! 3)6$+%(')*! )2! 4;&! ,(22&%&*4! 9(&7,'! )D4+(*&,! ,&$&*,(*:! )*! 4;&!
E+%(+4()*!)2!4;&!'(F&!)2!5%(65)7!$%)4&(*C!!
:'
;'
<'
GH+!!
I=?!
J=?!
J??!
K=!
=?!
LK!
I=!
=?!
K=!
LK!
I=!
J=?!!
I=?!!
GH+!!
J??!!
GH+!!
I=?!
J=?!
J??!
K=!
=?!
LK!
I=!
!='
?M4&%!
?04&%!
UC]!
!
'0*39!5SBV]YK/*4K&(!gB!.'((!(,39-1!20!-,45(2-,!e5/*4,/0!),0</*:,)!*3!-2:(,!V>Z!23)!<&30-/'<-!
*3!-2:(,!V>`f>!"#!'0*39!-1*0!4,-1&)!2!),(,-*&3!&.!^\!24*3&!2<*)0!%20!5,/.&/4,)!/,0'(-*39!*3!2!
5&(#5,5-*),!%*-1!2!5/,)*<-,)!0*d,!&.!Z]>`!+82!e.*9'/,!\>UDO@!:(2<+!2//&%f>!"#!<&452/*0&3!%*-1!
-1,!?H-,/!<&30-/'<-!5'/*.*<2-*&3@! (,00! <&3-24*323-!5/&-,*30!%,/,!<&((,<-,)!2-! -1,!,3)!&.! -1,!
$M7O!5'/*.*<2-*&3@!*3)*<2-*39!2!1*91,/!(,6,(!&.!,;5/,00*&3!&.!-1*0!5,5-*),!e.*9'/,!\>UD"!23)!Of>!
A&%,6,/@!-1,!0&(':*(*-#!&.!-1*0!OY-,/!-/'3<2-,)!.&/4!%20!3&-!*45/&6,)!<&452/,)!-&!.'((!(,39-1!
K/*4K&(!e.*9'/,!\>UD7!23)!O@!*30&(':(,!./2<-*&30f@!/,0'(-*39!*3!2!5&&/,/!#*,()!e.*9'/,!\>UD7!23)!O@!
UDDs!"f>!
"&-1! -/'3<2-*&30@! HY-,/! 23)! OY-,/! 52/-! &.! K/*4K&(! *3)*6*)'2((#@! )*)! 3&-! *45/&6,! -1,!
&6,/2((! ,;5/,00*&3! (,6,(! &.! 1'423! K/*4K&(! /,<&4:*323-! 5/&-,*3@! :'-! .'/-1,/! *36,0-*92-*&30!
3,,)! -&! :,! 5,/.&/4,)! -&! ,6,3-'2((#! <12/2<-,/*0,! -1,! <&/,! )&42*3! &.! -1,! 5/&-,*3@! 0-2:(,!
,3&'91! -&! 2((&%! </#0-2((&9/251#! 0-')*,0>! [&((&%*39! &3! -1*0! %&/+@! -%&! 0-2:(,! )&42*30!
<&//,05&3)*39!2-!-1,!HY-,/!<2-2(#-*<!e7SKf!)&42*3!23)!-1,!OY-,/!ed*3<Y.*39,/f!)&42*3!126,!:,,3!
5'/*.*,)!0,52/2-,(#!23)!2/,!<'//,3-(#!0':4*--,)!-&!</#0-2((*02-*&3!0-')#!e",3=24*3!E,,3@!7*)23!
8&1,/-#@!5,/0&32(!<&44'3*<2-*&3f>!
!
G"9"#V)1)&3%/*1#31,#8'&/+/(3%/*1#*+#I&/AI*2#8*2.(2*132#31%/0*,.##
F5-*4*02-*&3!&.!5/&)'<-*&3!23)!5'/*.*<2-*&3!&.! /,<&4:*323-!1'423!K/*4K&(!5/&-,*3!120!2(0&!
5,/4*--,)!'0!-&!*45/&6,!-1,!23-*:&)*,0!262*(2:(,!.&/!*44'3&2..*3*-#!),-,<-*&3!&.!,3)&9,3&'0!
1'423!K/*4K&(!5/&-,*3!.&/!<,(('(2/!:*&(&9#!0-')*,0>![*/0-@!5/,6*&'0!*44'3,!0,/'4!9,3,/2-,)!:#!
&'/!<&((2:&???????????????????????????????120!:,,3!2..*3*-#!5'/*.*,)!'0*39!/,<&4:*323-!K/*4K&(!
5/&-,*3! ./&4! :2<'(&6*/'0! e0,<-*&3! \>Uf! *44&:*(*0,)! &3-&! KJ8[! 4,4:/23,! &/! ./&4! !"' #$%&'
?A'..(,! <,((0! e0,<-*&3! \>V>Vf! </&00Y(*3+,)! *3-&! 23! 74*3&R*3+! <&('43! e.*9'/,! \>UU7! 23)! "!
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SUMMARY 
 
Ultraviolet (UV) light exposure is a major environmental source of DNA damage in 
human cells. UV irradiation of DNA produces photoproducts, modified nucleobases, that 
significantly alter the helical structure of DNA. These lesions act as potent obstacles to 
DNA replication and must be repaired or bypassed to avoid genomic instability and cell 
death. Here, we show that higher eukaryotic cells contain an additional nuclear DNA 
polymerase, primase-polymerase (PrimPol), that is capable of bypassing UV lesions. 
PrimPol localizes onto chromatin during nuclear replication. PrimPol-deficient (PrimPol-/-) 
cells are sensitive to UV and 4NQO (UV mimetic agent) and these genotoxins enhance 
chromatin association. Human PrimPol can bypass UV photoproducts, including the 
highly distorting 6-4 lesion, a feat not previously demonstrated for any mammalian 
polymerase. PrimPol-/- cells have pronounced fork stalling/slowing after UV damage and 
reduced DNA synthesis, supporting a role for this polymerase in bypassing UV 
photoproducts during replication. Finally, depletion of PrimPol in xeroderma 
pigmentosum variant (XP-V) cells, an inherited syndrome caused by deficiency in a 
major UV lesion bypass polymerase (Pol !), caused a synergistic sensitivity to UV 
damage. Together, these findings demonstrate that PrimPol, is a nuclear DNA damage 
tolerance polymerase that assists in the replication of highly distorting UV lesions and 
defines a distinct lesion bypass pathway that maintains genome stability in higher 
eukaryotes. This study also establishes that eukaryotic primases, assumed to only 
operate in priming DNA replication, are bona fida DNA polymerases involved in 
additional roles in nuclear DNA metabolism. 
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INTRODUCTION 
Replication of the ~6 billion nucleotides constituting the human genome is a 
herculean task that our cells face every cell cycle. A finely tuned replisome machinery, 
containing highly accurate and processive DNA polymerases, is tasked with performing 
this complex process. However, DNA is routinely exposed to various environmental 
insults and endogenous cellular processes that damage its structure and, if not 
corrected prior to DNA replication, these lesions can result in physical blockage of the 
replicative polymerases1-4. To avoid replication stalling, cells have evolved specialized 
mechanisms to allow DNA lesion tolerance.  One of these is an error-free bypass 
pathway that likely involves template switching4 and the other employs trans lesion 
synthesis (TLS) DNA polymerases capable of directly synthesizing across templates 
containing blocking lesions1-3. However, these enzymes have low fidelity on undamaged 
DNA and so their deployment must be highly regulated. In human cells, TLS is 
predominantly carried out by the Y family (eta, !; iota, "; kappa, # & REV1) and B family 
(zeta, ζ) DNA polymerases1-3.  
 
Ultraviolet light (UV) is one of the most common sources of DNA damage in 
terrestrial organisms5. The resulting photoproducts are potent causes of replication 
stalling in cells and have therefore been adopted as model lesions for studying the 
cellular mechanisms of lesion bypass and tolerance1,5,6. UV irradiation results in the 
formation of major DNA lesions, particularly crosslinks between adjacent pyrimidine 
bases5. The two most common modifications generated by UV are cyclobutane 
pyrimidine dimers (CPDs) and pyrimidine-pyrimidone (6-4) photoproducts. Both lesions 
distort the DNA helix and profoundly block replication6. Pol η is highly specialized in 
bypassing CPDs7,8, which it does in a largely error-free manner7. Loss of functional Pol η 
results in the variant form of xeroderma pigmentosum (XP-V)7,8, an inherited skin 
disorder characterised by sunlight-induced pigment changes and a high incidence of 
skin cancers8, due to inefficient bypass of CPDs7. In the case of 6-4 photoproducts, no 
single polymerase has been shown to efficiently catalyze TLS past these lesions. 
Instead, it has been proposed that two polymerases co-operate to facilitate TLS. The 
first polymerase, suggested to be Pol η or ι, catalyses the initial insertion step, which is 
mutagenic, and Pol ζ carries out the subsequent extension step, before the replicative 
polymerases resume9. 
 
We recently identified a novel primase-polymerase in human cells, called PrimPol 
(CCDC111 or FLJ33167)10. PrimPol is a member of the archaeo-eukaryotic primase 
(AEP) superfamily11. The only other higher eukaryotic member of the AEP superfamily is 
the DNA primase (Pri1; small catalytic subunit) associated with Pol α, responsible for the 
initiation of DNA synthesis by producing RNA primers12. In prokaryotes and archaea, 
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AEPs have been shown to be a more versatile group of polymerases involved in a 
variety of cellular processes, including DNA break repair 13-15. More akin to its ancestral 
orthologues, human PrimPol is capable of synthesizing both RNA and DNA primers and 
extend primers in a DNA template dependent manner10. In mammalian cells, PrimPol 
localizes to mitochondria where it required for maintenance of the mitochondrial 
genome10. 
 
Here, we report that PrimPol is present in the nucleus of mammalian cells, 
where it re-localises and associates with chromatin following UV damage. Human 
PrimPol catalyzes TLS opposite UV photoproducts in vitro, most notably error-prone 
bypass of 6-4 photoproducts. Additionally, we present evidence for PrimPol-dependent 
TLS in vivo and show that PrimPol protects XP-V cells, that are deficient in the major 
UV-tolerance pathway (Pol !), from UV damage. We establish that this novel 
polymerase functions in an alternate TLS damage bypass pathway in mammalian cells 
that is required for the bypass of UV-induced DNA photoproducts.  
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RESULTS 
 
Nuclear localisation of human PrimPol 
We considered whether PrimPol, shown to play an important role in mitochondrial 
(mt) DNA metabolism10, also has additional roles within the nucleus. RNA interference 
(RNAi) depletion of PrimPol causes a significant proliferative defect in human cultured 
cells (Figure 1a). We speculated whether this was due to the loss of PrimPolʼs 
contribution to mtDNA metabolism. PrimPol protein levels were identical in an 
osteosarcoma 143B cell line depleted of mtDNA (143B !0) (Figure S1) and these cells 
showed a similar decrease in proliferation after depleting PrimPol (Figure 1a). As the 
mitochondria in these cells contain no DNA, and thus do not require proteins involved in 
its maintenance, this provided evidence for a possible role for PrimPol independent of 
mtDNA. Immunofluorescent (IF) detection of endogenous PrimPol in 143B cells showed it 
was predominantly located in the cytoplasm/mitochondria (Figure 1b) however, a small 
proportion of PrimPol was also detected in nuclei (Figure 1b). This nuclear staining 
pattern was specific to the PrimPol protein as RNAi-mediated depletion significantly 
reduced IF detection (Figure 1b). Furthermore, the localisation of PrimPol to nuclei was 
much more apparent when the protein was stably over-expressed in human cells (Figure 
1c). The confirmation of an mtDNA-independent function for PrimPol, taken together with 
the nuclear localisation, provided compelling evidence for a possible role for PrimPol in 
nuclear DNA metabolism. 
 
To investigate this further, we analysed PrimPolʼs association with chromatin 
during nuclear DNA replication. Human MRC5 fibroblasts were separated into detergent 
soluble and insoluble fractions, the latter enriching for chromatin and proteins associated 
with chromatin. Following a prolonged aphidicolin treatment, which stalls cells in early S-
phase, a marked increase in insoluble PrimPol was observed (Figure 1d). In contrast, 
removal of aphidicolin, allowing progression of cells into S-phase, resulted in a decrease 
of insoluble PrimPol close to the level observed in asynchronous cells (Figure 1d). These 
data imply that chromatin association of PrimPol occurs during replication stress, but in 
an unperturbed S-phase it may be below the detection threshold. To examine this S-
phase phenomena in more detail, we examined PrimPolʼs localization on chromatin 
during a synchronous round of DNA replication in Xenopus cell-free egg extracts. We 
observed that PrimPol became bound to chromatin during an unperturbed S-phase, but 
that this binding was abolished when replication was inhibited prior to initiation by geminin 
or the CDK inhibitor, roscovitine (Figure 1e). Blocking DNA replication during the 
elongation stage with aphidicolin, resulted in increased PrimPol chromatin binding (Figure 
1e). This chromatin binding was completely dependent on DNA replication as it could be 
abrogated by prior treatment with geminin (Figure 1e). Together, these data indicate that 
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PrimPol is loaded onto chromatin in an S-phase-dependent manner and that this 
replication-dependent chromatin association is even more readily apparent when 
replication forks are stalled with aphidicolin.  
 
PrimPol deficient avian cells are sensitive to DNA damaging agents 
To investigate the cellular roles of PrimPol, we disrupted the PrimPol gene in avian 
DT40 cells (G. gallus) as these have been widely used to study other novel 
polymerases16 and we obtained two PrimPol -/- knock-out clones (Figure S2). PrimPol -/- 
cells showed minor cell-cycle defects, having a slightly longer doubling time and a higher 
proportion of cells in G2 phase (Figure S3). To determine if PrimPol had any roles related 
to DNA repair or lesion bypass, we treated PrimPol -/- cells with a range of DNA damaging 
agents. PrimPol -/- cells were sensitive to low-doses of UV-C radiation, comparable to Pol 
η deficient cells (Figure 2a, left panel). A more pronounced sensitivity was observed 
following treatment with the UV mimetic 4-nitroquinoline 1-oxide (4NQO) with cell viability 
decreasing ~30-fold after chronic exposure to a low concentration (Figure 2a, centre 
panel). However, PrimPol -/- cells were not sensitive to all DNA damaging agents. For 
example, no sensitivity was observed following treatment with ionizing radiation (IR) 
(Figure 2a, right panel). Both UV-C and 4NQO sensitivities could be partially rescued by 
expression of human PrimPol (Figure 2a), confirming that the observed cell viability 
defects were due to the absence of PrimPol protein in these cells. 
 
Localisation of PrimPol onto chromatin following UV damage 
We next investigated PrimPolʼs cellular localization following UV irradiation. HEK-
293 cells stably expressing PrimPol were exposed to UV-C radiation and, prior to IF 
staining, were pre-extracted with a detergent buffer, leaving only those proteins bound to 
cellular structures (e.g. chromatin). In mock-irradiated cells, this treatment resulted in 
almost no detectable PrimPol (Figure 2b). However, following UV-C irradiation PrimPol 
was visible as focal accumulations in nuclei (Figure 2b and c), numbering approximately 
between 50 and several hundred per cell, and these foci were dependent upon the UV-C 
dose administered (Figure 2d). PrimPol did not assemble into foci following treatment 
with all DNA damaging agents, as no foci were observed following exposure to ionizing 
radiation (Figure 2a) which induces DNA breaks. The accumulation of sub-nuclear 
detergent-resistant foci suggests that PrimPol is tightly associated with chromatin. To 
confirm this, cells stably expressing PrimPol were separated into detergent-soluble and 
insoluble (chromatin enriched) fractions following UV-C irradiation. A substantial 
increase in insoluble PrimPol was observed following UV-C irradiation (Figure 2e), which 
was almost completely solubilized by DNase treatment (Figure 2e), confirming that 
insoluble PrimPol was chromatin bound. Endogenous PrimPol in human fibroblasts also 
becomes insoluble following UV-C irradiation (Figure 2f). Together, these data 
demonstrate PrimPol becomes tightly associated with chromatin following UV damage.  
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PrimPol catalyzes TLS bypass of UV photoproducts  
UV-dependent chromatin association has been reported for TLS polymerases 17-20. 
Therefore, given the UV-dependent chromatin association of PrimPol, together with the 
damage sensitivity of PrimPol-/- cells, we next queried if PrimPol functions in UV TLS 
bypass. To address this, we assayed PrimPolʼs capacity to perform TLS bypass of UV T-
T photoproducts (CPD and 6-4). Human PrimPol was capable of DNA-dependent DNA 
synthesis (Figure 4a) and this was intrinsic to PrimPol as mutation of active site residues 
(DxE) abolished catalytic activity (Figure S4). PrimPol was incapable of reading-through a 
templated cis-syn thymine-thymine (T-T) CPD, stalling prior to the lesion (Figure 3a). As 
PrimPol could not insert nucleotides opposite a T-T CPD, we asked whether PrimPol 
could extend from nucleotides already present opposite the lesion. It has been 
demonstrated in vitro that replicative polymerases, particularly when aided by PCNA, are 
capable of inserting two deoxyadenosines (AA) opposite a T-T CPD before stalling21-23 
and we therefore tested PrimPolʼs ability to extend a primer in this context. We observed 
PrimPol-dependant extension from a primer containing a 3ʼ terminal AA annealed with the 
T-T CPD, with an efficiency comparable to that of the undamaged template (Figure 3b). 
We confirmed this primer terminus annealed to a CPD is a block for replicative 
polymerases (Figure S4), demonstrating PrimPol is capable of TLS, functioning as an 
extender in CPD bypass. Next, we examined PrimPolʼs ability to bypass the major helix-
distorting 6-4 lesion that blocks replication as evident by the inability of replicative 
polymerases (Figure S4) to extend past this damage. Strikingly, we observed that 
PrimPol could efficiently read through a templated T-T 6-4 photoproduct (Figure 3c). 
Single incorporation experiments revealed that PrimPol bypass of a T-T 6-4 photoproduct 
was error-prone, incorporating T opposite the 3ʼ-terminal T and C or G opposite the 5ʼ-
terminal T of the DNA lesion (Figure 3d). Since it was previously reported that T:T 
mismatched primers are a strong blockage for replicative DNA polymerases24, we tested 
if PrimPol can extend a primer with a 3ʼ terminal T:T mismatch annealed to a non-
damaged template. We observed that PrimPol was unable to extend the primer with a T:T 
mismatch (Figure 3e). In contrast, when this TT primer was annealed with a template 
containing a 6-4 photoproduct, we observed efficient extension of the mismatched primer 
implicating a distinctive mechanism and a high level of specialization of PrimPol for 
bypass 6-4 photoproducts. Together, these data establish that PrimPol can function in 
TLS of UV photoproducts, playing a role in extension from CPDs and bypassing 6-4 
photoproducts. To our knowledge, this is the first demonstration of a human DNA 
polymerase that can efficiently bypass the highly distorting 6-4 photoproduct without the 
assistance of other polymerases. 
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PrimPol facilitates the replication of UV-damaged DNA in vivo 
In cells, TLS occurs either at replication forks or in a post-replication manner3 and 
therefore the absence of a particular TLS polymerase will lead to a defect in one or both 
of these processes25-28.  To determine the cellular timing of PrimPol-mediated TLS, we 
first assessed the ability of PrimPol -/- cells to perform TLS post-replicatively using a 
velocity sedimentation assay (Figure 4a). When replication forks stall at UV lesions, re-
priming and DNA synthesis can occur down-stream of the lesion leaving a single 
stranded gap that is later filled by a TLS polymerase in a process called post-replication 
repair1,3,4,6. A post-replication repair defect was observed in Pol ! -/- cells (Figure 4b, red 
arrow) consistent with previous reports25,26 however, no defect was observed in PrimPol -/- 
cells (Figure 4b). These data establish that PrimPol is not required for TLS at post-
replication gaps and also suggests that PrimPol may not initiate DNA synthesis 
downstream of the lesion, which was a possibility given the in vitro DNA/RNA priming 
activities associated with this enzyme10. 
 
We next looked for evidence that PrimPol-dependent TLS occurs at the replication 
forks, using the DNA fiber technique29. This assay allows analysis of the progression of 
individual replication forks by in vivo labeling of newly replicated DNA. We applied this 
technique to DT40 PrimPol -/- cells that had been UV irradiated between CldU and IdU 
labeling periods, and calculated the ratios between the two labels (Figure 4c). In mock 
irradiated cells, this ratio was close to 1 (data not shown) and, following UV irradiation, 
this ratio increased significantly due to the shortening of the second track indicating an 
impediment in replication fork progression. Compared to wild-type cells, PrimPol -/- cells 
showed a substantial increase in the spread and mean of CldU:IdU ratios (Figure 4d and 
e), indicating a marked increase in delay or blockage of replication fork progression after 
UV-C irradiation. In line with this, a 15-20% reduction of thymidine incorporation was 
observed in PrimPol -/- cells compared to wild-type cells, following varying UV-C doses 
(Figure 4f), indicating decreased DNA synthesis. Together, these results demonstrate 
that PrimPol is required for replication of UV damaged DNA in vivo and this is consistent 
with PrimPolʼs demonstrated ability to perform TLS bypass of UV photoproducts. 
 
PrimPol operates in a UV lesion TLS pathway that is independent of Pol!  
The capacity of PrimPol to bypass the particularly toxic and helix-distorting 6-4 UV 
photoproducts, and extend from a CPD in vitro, suggested that it may operate in a novel 
TLS pathway that is complementary to the established Pol !-dependent lesion bypass 
pathway. To test this hypothesis, we exploited human XP-V (XP30RO) fibroblast cells 
that lack a functional Pol ! and queried if these cells have an increased reliance upon 
PrimPol to protect them from the lethal effects of UV irradiation.  XP-V cells were only 
mildly sensitive to UV-C irradiation30 (Figure 5a) and PrimPol depleted (RNAi) fibroblasts 
(MRC5) also did not exhibit major UV-C sensitivity (Figure 5a). However, PrimPol 
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depletion in XP-V cells rendered them synergistically sensitive to UV-C irradiation, 
decreasing the surviving fraction by up to 4-fold. This establishes that PrimPol operates in 
a lesion tolerance pathway that is non-epistatic with Pol ! pathway and that this PrimPol-
dependent TLS pathway protects XP-V cells from UV cytotoxicity, as would be expected 
based on the complementary UV lesion bypass activities (CPD versus 6-4) associated 
with these two distinct TLS polymerases. 
 
Although major UV-C sensitivity was not observed in PrimPol depleted human 
cells, we predicted that these cells should display molecular signatures of impaired TLS. 
For example, failure of the replisome to bypass a UV lesion would result in uncoupling of 
leading and lagging strand synthesis producing long tracts of RPA coated single 
stranded DNA, which in turn activates the intra-S checkpoint31. Notably, in UV-C 
irradiated PrimPol depleted cells, we observed a significant increase in the proportion of 
cells with RPA foci and phosphorylated Chk1 (Ser345), compared to mock RNAi treated 
cells (Figure 5b and c). Both of these markers confirm that an activated damage 
response has occurred and that PrimPol is required for the appropriate cellular response 
to UV damage. As TLS of UV lesions is already substantially impaired in XP-V cells, 
following UV-C irradiation no further increase in RPA foci or in the initial level of 
phosphorylated Chk1 was observed in PrimPol depleted XP-V cells (Figure 5b and c). 
However, elevated levels of Chk1 phosphorylation were persistent in these cells 24 
hours after UV-C irradiation with a dose of 2 J/m2 (Figure 5c), suggesting sustained 
replication problems occur in the absence of both Pol ! and PrimPol. Together, these 
data demonstrate the requirement for PrimPol in the normal cellular response to UV-C 
radiation in human cells and establishes that this polymerase functions in a novel TLS 
pathway that operates independently of, and complementary to, Pol η in the cellular 
response of mammalian cells to UV damage (Figure 6). 
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Concluding remarks 
In mammalian cells, seven TLS polymerases have so far been described, which 
mediate cellular tolerance to DNA lesions that would otherwise act as major barriers to 
DNA replication in the nucleus. Here, we present evidence for a new player, the novel 
primase-polymerase PrimPol. Previously, we reported that this enzyme functions in 
mtDNA maintenance10. However, we now demonstrate that PrimPol is also a nuclear 
enzyme that performs TLS bypass of UV photoproducts and is required for maintaining 
timely replisome progression on UV-damaged DNA templates.  
 
In archaea and eukaryotes, AEP primases are essential enzymes that synthesize 
RNA primers at the initiation of DNA replication12. It has therefore been widely assumed 
that AEPs are DNA-dependent RNA polymerases specializing in primer synthesis. 
However, this assignment was first called into question with the discovery that AEPs 
also exist in bacteria32,33, which deploy a distinct DnaG primase for replication. Notably, 
prokaryotic and archaeal AEPs can also synthesise DNA13-15  an bacterial AEP 
orthologues are required for DNA break repair in prokaryotes13,34. Thus, most AEPs 
should be reclassified as members of the DNA polymerase superfamily35 and this 
reassignment would suggest that they are likely to play other pivotal roles in DNA 
maintenance. This study extends this paradigm into eukaryotes with the demonstration 
that AEPs can perform TLS across DNA lesions, with PrimPol providing the first 
example of a human DNA polymerase that can efficiently bypass UV 6-4 photoproducts. 
This striking lesion bypass activity is most likely attributable to the relatively open and 
malleable active site characteristic of AEPs that, like Y family polymerases, can 
accommodate major helix distorting DNA lesions that replicative polymerases cannot. 
This inherent adaptability of the catalytic centre of AEPs, including PrimPol, to accept a 
diverse range of DNA substrates (e.g. DNA breaks and lesions) has made these 
polymerases ideal for roles in DNA repair and lesion tolerance. 
 
Our current understanding of the bypass of UV photoproducts by TLS pathways in 
mammalian cells, centered around the Y family polymerases and Pol !, needs to be 
revised to now include PrimPol (Figure 6). It has been established that the more 
abundant, but less toxic, CPD photoproducts are efficiently bypassed by Pol " in an 
error-free manner, whilst in XP-V cells it has been proposed that Pol ι and κ possibly 
function as inserters and Pol ζ as an extender, in an error-prone back-up mechanism36. 
Our in vitro data suggest that PrimPol can function in an error-free alternate pathway, 
relying on other polymerases to perform the initial TLS opposite the lesion, allowing 
PrimPol to carry out the subsequent extension step. In addition to Pol η error-free 
incorporating two Aʼs opposite a T-T CPD, it has been demonstrated in vitro that 
replicative polymerases are also capable of catalyzing this before stalling21-23. Although 
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CPD photoproducts are efficiently bypassed by Pol η, it is less well established how the 
much more distorting and toxic 6-4 lesions are bypassed in cells. A two polymerase 
model involved Pol ! or " inserting nucleotides opposite the lesion and Pol # extending, 
which is thought to occur in both an error-prone and error-free manner has been 
proposed9,37. We have shown that PrimPol is capable of complete bypass of a 6-4 
photoproduct in an error-prone manner in vitro, suggesting PrimPol could offer an 
alternative to the two-step pathway but possibly could also function in either an insertion 
or extension step with other polymerases. TLS of T-T 6-4 photoproducts in vivo has 
been reported to be largely error-free, however the most frequent mis-insertion was 
shown to be incorporation of a T opposite the 3ʼ T of the lesion37-39, which is consistent 
with PrimPol-dependent TLS in vitro.  
 
  The contribution of PrimPol to UV photoproduct bypass in vivo has yet to be fully 
determined. However, our current analysis of PrimPol deficient cells places it at the 
replication fork, maintaining fork progression on UV damaged DNA, presumably through 
its TLS activity but it appears to dispensable for post-replication repair. A similar 
phenotype has been observed for vertebrate REV126, which has been proposed to act as 
a platform for TLS recruitment40. It will therefore be interesting to determine if REV1 
contributes to PrimPol-dependent TLS pathway in vivo. Consistent with a role for PrimPol 
in TLS, PrimPol depleted human fibroblasts have increased RPA foci and phosphorylated 
Chk1 following UV irradiation, compared to mock RNAi cells. Despite these results, 
depletion or complete absence of PrimPol did not greatly sensitize cells to UV 
cytotoxicity. This is not surprising given that mammalian cells deploy an extremely 
proficient nucleotide excision repair (NER), which can rapidly remove 6-4 photoproducts 
and related lesions, as well as utilizing its collection of alterative TLS polymerases to 
tolerate various DNA lesions. In human cells, UV sensitivity was observed only in the 
absence of functional Pol η, in XP-V cells. This establishes that PrimPol operates in an 
alternate DNA damage tolerance pathway to Pol η and therefore deficiency of one 
polymerase can be compensated by the presence of the other, at least in regard to UV 
cytotoxicity. As XP-V patients have a higher rate of UV induced mutations that contribute 
to skin carcinogenesis, an important question is whether PrimPol protects, via its error-
free bypass (CPD), or promotes, via its error-prone bypass (6-4 photoproduct), skin 
carcinogenesis in these patients. We are currently investigating if mutations affecting 
PrimPol gene are associated with human diseases (e.g. cancer predisposition) as 
reported for other TLS polymerases2. As PrimPol also operates in the mitochondria of 
mammalian cells (TLS has not been identified previously in this organelle) it is likely to 
provide an important damage tolerance pathway to allow bypass of lesions, including 
photoproducts, that would otherwise block mtDNA replication23.  
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Although this current study focuses on PrimPolʼs function in TLS bypass of UV-
induced DNA damage, it is likely that PrimPol is also required for tolerating other 
replication blocking lesions in the nucleus and mitochondria. Proliferative defects in the 
absence of PrimPol, together with PrimPolʼs presence on chromatin41 (Figure 1), point to 
roles in unperturbed S-phase, which is not unprecedented for TLS polymerases42. In 
addition, increased chromatin association of PrimPol was observed following aphidicolin 
treatment in both Xenopus and human cells, suggesting PrimPol responds to replication 
fork stalling in the absence of DNA lesions. These intriguing features of PrimPol are 
currently the subjects of further investigations. 
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METHODS SUMMARY 
Cell culture. Human 143B and HEK-293 Flp-In™ T-REx™ cells were cultured in DMEM 
supplemented with 10 % fetal calf serum (FCS), ρ0 (mtDNA null) cells were 
supplemented with 50 µg/ml uridine (Sigma), and SV40-transformed MRC5 and 
XP30RO cells were cultured in MEM supplemented with 15 % FCS. All cells were grown 
in 1 % L-glutamine and 1 % PenStrep.   
RNAi depletion. Transfection of 10 nM PrimPol siRNA was performed using 
Lipofectamine 2000 (with 143B cells) or Lipofectamine RNAiMAX (Invitrogen) according 
to manufacturer recommendations. Incucyte phase contrast live cell microscope (Essen 
Biosciences) was used to generate growth curves.  
Immunofluorescent analysis. In house PrimPol antibody was diluted 1:200 as well as 
anti-RPA2 (Cell Signalling), and Mitotracker Deep Red used at 250 nM (Invitrogen). If 
necessary prior to fixation cells were pre-extracted with a wash of 0.5 % Triton X-100 in 
PBS.  
Cellular fractionation. Cellular fractionation protocol was adapted as described43,44, 
more details are provided in supplementary methods. 
Xenopus egg extract. Demembranated sperm nuclei and interphase Xenopus egg 
extracts were prepared as described45,46, more details are available in supplementary 
methods. 
DT40 cell viability. Avian PrimPol gene was disrupted with histidinol and puromycin 
targeted cassettes following procedure previously described47. Human PrimPol cDNA 
was sub-cloned into TET inducible vector (adapted from Clontech) containing luciferase 
gene reporter for clone selection. Cell viability assay was performed using CellTiter-Blue 
(Promega) following manufacturerʼs instructions.  
Fluorescent primer extension. All the primer extension assays were performed at 
37ºC as described previously48 and primers sequences are in supplementary methods.   
DNA fiber spreading and post replication repair. Both techniques were performed as 
previously described26. Post Replication Repair protocol was adapted to measure total 
DNA replication rate following UV-C, by pre-labeling cells with 14C thymidine over two 
doubling time to normalize the amount of total DNA.  
Clonogenic survivals. MRC5 and XP30RO cells were either mock or PrimPol siRNAi 
(10 nM) transfected Lipofectamine RNAiMAX, both at seeding and 24 hours after. At 72 
hours dilutions of the transfected cells were plated in triplicate on 10 cm dishes. The 
next day the media was removed and cells were washed with PBS and then UV-C 
irradiated. After irradiation media was replaced and colonies allowed to grow over 10 
days, before fixing with 100% ethanol and staining with methylene blue to allow 
counting. 
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Figure Legends 
Figure 1. PrimPol localises to nuclei and associates with chromatin in a 
replication-dependant manner. 
a, Proliferative defect following PrimPol RNAi is independent of PrimPolʼs mitochondrial 
role. Wild type 143B cells (!+) and those lacking mtDNA (!0) were treated with PrimPol 
RNAi and cell density monitored using an Incucyte phase contrast microscope at 3 
hourly intervals over 80 hours. Data are representative of 3 independent experiments, 
and error bars denote standard deviation of triplicate wells in which 9 regions were 
analysed per sample. b, Immunofluorescent detection of PrimPol in the nucleus. 143B 
cells were either mock or PrimPol RNAi treated and 48 hours after, subjected to 
immunofluorescent analysis with an anti-PrimPol antibody (green). Cells were 
counterstained with Mitotracker Deep Red to visualize mitochondria (red) and DAPI to 
visualize nuclei (blue). c, Immunofluorescent detection of over-expressed PrimPol in 
nuclei. HEK-293 cells induced for PrimPol-HA stable over-expression for 18 hours, were 
subjected to immunofluorescent analysis with an anti-HA antibody (green), 
counterstaining with Mitotracker Deep Red (red) and DAPI (blue). d, PrimPol becomes 
insoluble following prolonged aphidicolin treatment, suggesting chromatin binding. 
MRC5 fibroblasts were either mock (-) or aphidicolin treated (2 μg/ml, ~16 hours) and 
allowed to recover for the time indicated before being separated into Triton X-100 
soluble and insoluble fractions and subjected to Western blot analysis with antibodies 
indicated. Histone H1 was used to detect chromatin, PCNA and slower migrating mono-
ubiquitylated (Ub)-PCNA indicates stalled replication forks. e, PrimPol associates with 
chromatin in a replication-dependant manner. Left panel, human recombinant His 
tagged PrimPol (hPrimPol at 12 ng/μl) was added to Xenopus egg extract supplemented 
with sperm nuclei. Extracts were treated with geminin 80nM, roscovitine 0.5mM or 
aphidicolin 100μg/ml and incubated at 21°C. At the indicated times (minutes), chromatin 
was isolated and associated proteins subjected to Western blot analysis with the 
antibodies indicated. Right panel, the same experiment was repeated at a 60 minute 
time point and last lane corresponds to a sample pre-incubated with geminin followed by 
aphidicolin treatment. 
 
Figure 2. PrimPol-/- DT40 cells are sensitive to UV-C and 4NQO, and human 
PrimPol tightly associates with chromatin following UV damage. 
a, PrimPol-/- DT40 cells are sensitive to UV-C and “UV-mimetic” 4NQO, but not IR. Cell 
viability was assessed at 48 hours after UV-C or X-ray irradiation by measuring 
metabolic capacity of cells. Cell viability was measured at 96 hours in 4NQO treated 
cells, 48 hours after removal of chronic treatment with this drug. Error bars denote 
standard deviation of three independent experiments. b, Human PrimPol assembles into 
triton-resistant sub-nuclear foci following UV-C irradiation. b, c, d, e, using HEK-293 
! "#!
cells stably over-expressing PrimPol-FlagStrep for 18 hours. b, Cells were either mock, 
UV-C (30 J/m2), or X-Ray (5 Gy) irradiated, allowed to recover for 1 hour (UV) or 30 
minutes (IR), and then pre-extracted with a Triton X-100 containing buffer and 
paraformaldehyde (PFA) fixed. Cells were subjected to immunofluorescent analysis with 
anti-PrimPol antibody (green) and counterstained with DAPI (blue). c, Panel of PrimPol 
focal nuclei. Cells were UV-C irradiated (10 or 30 J/m2), allowed to recover for 8 hours, 
and pre-extracted prior to immunofluorescent staining with anti-PrimPol antibody 
(green), and counterstaining with DAPI (blue). d, The proportion of cells with PrimPol 
foci is UV-C dose dependant. Cells were UV-C irradiated with the doses indicated, and 
allowed to recover for 8 hours prior to pre-extraction and immuofluorescent analysis with 
anti-PrimPol and DAPI. The proportion of cells in which PrimPol was localised into foci 
was determined, at least 200 cells counted for each dose, error bars indicate standard 
deviation of 3 independent experiments. e, PrimPol associates with chromatin following 
UV-C irradiation. Cells were either mock or UV-C (30 J/m2) irradiated, and allowed to 
recover for 8 hours before being lysed in a Triton X-100 containing buffer. The insoluble 
pellet was resuspended in a DNase (Benzonase) containing buffer and further separated 
into soluble and insoluble fractions. The resulting samples were subjected to Western 
blot analysis with anti-PrimPol and anti-PCNA antibodies. f, Endogenous PrimPol 
becomes insoluble following UV-C irradiation. Human MRC5 fibroblasts were either 
mock (-) or UV-C (30 J/m2) irradiated, and following recovery for the time indicated, were 
separated into Triton X-100 soluble and insoluble fractions. Equivalent amounts of whole 
cell extract (WCE), Triton soluble and insoluble fractions were analysed by Western blot. 
Histone H1 serves as a chromatin marker, and mono-ubiquitylated (Ub)-PCNA as a 
marker of stalled replication forks. 
 
Figure 3. PrimPol can catalyze TLS of UV photoproducts in vitro 
Substrates for primer extension assays are represented schematically in each figure, 
location of fluorescent label (Hex), DNA lesion (red), and relevant sequence context 
indicated. Triangles above gel indicate increasing reaction time (5, 10, 15, 30 minutes) 
and C refers to no enzyme control, 100 nM PrimPol final concentration was used. 
Templated base annealed to 3-terminus of the primer is denoted “n”. Further details 
regarding primer extensions in Supplementary Methods. a,  PrimPol cannot read-though 
a templated T-T CPD, stalling prior to the lesion. Left panel is undamaged template and 
right panel is CPD containing template, lesion is at position n+8 and n+9 of template. b,  
PrimPol can extend from two deoxyadenosines (A-A) annealed opposite a T-T CPD. Left 
panel is undamaged template and right panel is CPD containing template, lesion is at 
position n-1 and n-2. c, PrimPol can read-through a templated T-T 6-4 photoproduct. 
Left panel is undamaged template and right panel is 6-4 photoproduct (6-4 PP) 
containing template, DNA lesion is at n+1 and n+2 positions. d, PrimPol bypasses 6-4 
photoproducts in an error-prone manner. Primer extensions performed with all or single 
! "#!
dNTP(s) as indicated. Left panel is undamaged template, middle panel is 6-4 PP 
template with incorporation opposite 3ʼ T of the lesion, right panel is opposite 5ʼ T of the 
lesion. e, PrimPol can extend from a T:T mismatch only when annealed opposite a T-T 
6-4 photoproduct. Left panel is undamaged template and right panel is 6-4 photoproduct 
containing template, DNA lesion at position n and n+1. 
 
Figure 4. PrimPol is required for replication fork progression on UV damaged 
templates in DT40 cells. 
a, Cartoon depicting velocity sedimentation analysis of radio-labeled nascent DNA 
following exposure of 4 J/m2 UV-C. b, Proficient PRR in PrimPol-/- cells. Relative amount 
of radioactivity in each fraction of the gradient was plotted in order to visualize cell 
capability to fill post replicative gaps left behind replication forks after exposure of 4 J/m2 
UV-C (red line). The red arrow indicates PRR defect observed in Pol ! deficient cells 
(bottom panel) whereas WT and PrimPol-/- cells (respectively higher and middle panel) 
have no defect. c, Cartoon depicting DNA fiber labelling process and the order of 
incorporation of thymidine analogues CldU (before UV-C exposure) and IdU (after 20 
J/m2 irradiation). d, PrimPol is required for replication fork progression on UV damaged 
templates. CldU and IdU tracks were visualised using immunofluorescent staining and 
measured using OMERO software. CldU:IdU ratios distribution was assessed for WT 
DT40 cells (upper panel) and both PrimPol-/- clones (middle and lower panels). Data are 
representative of 2 sets of experiments with at least 100 fibers scored each time.  e, 
Average of both experiments mentioned in (b) are represented as a cumulative 
percentage of forks at each ratio after 20 J/m2 UV-C irradiation. f, Decreased DNA 
synthesis following UV-C irradiation in PrimPol-/- cells. Cells were pulsed labeled for 20 
minutes with tritium thymidine following UV-C treatments. Incorporation rate was 
calculated and normalised against undamaged wild-type cells; 14C thymidine overnight 
pre-labelling was used for total DNA normalisation. 
 
Figure 5. PrimPol operates in a TLS pathway that is independent of Pol η. 
a, PrimPol protects XP-V cells from UV-C cytotoxicity. UV clonogenic survival assays 
were performed with normal MRC5 fibroblasts and XP30RO cells either mock or PrimPol 
siRNA treated. Error bars denote standard deviation of three experiments. b,  Normal 
MRC5 or XP30RO cells were either mock or PrimPol siRNA treated and mock (-) or UV-
C irradiated (10 J/m2), allowed to recover for 6 hours, before immunofluorescent analysis 
with an anti-RPA2 antibody. The proportion of cells presenting RPA foci was 
determined; at least 200 cells were counted for each condition, error bars denote 
standard deviation of three experiments. Significance was assessed with two-tailed T-
test (**P =0.01). c, Normal MRC5 or XP30RO cells were either mock or PrimPol siRNA 
treated and mock (-) or UV-C (2 J/m2) irradiated and allowed to recover for the time 
! ""!
indicated before cell lysates prepared and subjected to Western blot analysis with 
antibodies indicated. 
 
Figure 6. Model of UV photoproduct TLS in mammalian cells.  
a, Bypass of a CPD lesion in mammalian cells. Pol η readily bypasses CPDs in an error-
free manner. One or two-step backup mechanisms are present in XP-V cells 
(polymerases in orange). PrimPol (green) could provide an alternative error-free 
mechanism. b, Bypass of a 6-4 photoproduct in mammalian cells. PrimPol provides an 
error-prone one-step bypass mechanism for a 6-4 photoproduct, in addition to the known 
two-step mechanisms. PrimPol could also function in insertion and extension in 
combination with other polymerases. 
! "#!
 
 
 
Supplementary information. This information is compiled in an accompanying 
document. 
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SUPPLEMENTARY METHODS 
 
RNAi depletion.  
Sequences of stealth RNAi (Invitrogen) used for transfection were:  
5ʼ-GAGGAAACCGUUGUCCUCAGUGUAU-3ʼ,  
5ʼ-AUACACUGAGGACAACGGUUUCCUC-3ʼ. 
 
Immunofluorescent analysis.  
Cells were grown on coverslips, which for HEK-293 Flp-In™ T-REx™ cells were poly-L-lysine 
coated. Following siRNA transfection and/or DNA damaging agent and recovery time, cells 
were either fixed directly in 3 % paraformaldehye (in PBS) for 15 minutes or pre-extracted by 
washing in 0.5 % Triton X-100 in PBS before fixing. Cells were permeabilised with 0.2 % Triton 
X-100 in PBS for 10 minutes, blocked with 3 % BSA in PBS, and incubated with primary and 
following wash steps, secondary antibodies. Coverslips were mounted on slides with Prolong 
Gold anti-fade (Invitrogen). Slides were analysed on a widefield Deltavision microscope for 
images, and a Nikon E400 for counting.  
 
Antibodies used were anti-PrimPol 1:200 (Gàrcia-Gomez et al, submitted), anti-RPA2 1:200 
(Cell Signalling). Secondary antibodies were Alexa Fluor 488 goat anti-rabbit 1:2000, and 
Alexa Fluor 594 goat anti-mouse 1:2000. Cells were incubated with 250 nM Mitotracker Deep 
Red (final concentration) for 30 minutes prior to fixation.  
Immunolabeling of DNA fibers was performed with anti-rat BrdU (abcam) 1:1000, anti-mouse 
BrdU (Becton Dickinson) 1:500 and secondary Alexa Fluor 488-labeled anti-rat and Alexa 
Fluor 594-labeled anti-mouse (Invitrogen) both 1:250. 
 
Cellular fractionation.  
Cellular fractionation protocol was modified (Kannouche et al, 2004). Cell pellet was 
resuspended in cytoskeletal (CSK) buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 
mM Pipes (pH 6.8), 1 mM EGTA, 0.2 % Triton X-100) supplemented with protease and 
phosphotase inhibitors (Roche), and incubated on ice for 5 minutes and then spun in a cold 
centrifuge for 10 minutes at 13,000 rpm. The supernatant was collected as the soluble fraction, 
and the insoluble pellet was twice PBS washed before resuspended and boiled in Laemmli 
sample buffer. For further fractionation the insoluble pellet was resuspended in CSK buffer but 
with 50 mM NaCl and 1!"l/ml Benzonase, at room temperature for 20 minutes with occasional 
agitation, before centrifugation. The soluble fraction was retained and the insoluble fraction 
boiled in Lameli sample buffer. Whole cell extracts were prepared by lysing cells in NETN 
buffer (150 mM NaCl, 50 mM Tris (pH 7.5), 5 mM EDTA, 0.5 % NP-40), and incubated on ice 
before sonication and determining protein concentration. 
 
Xenopus egg extract.  
Demembranated sperm nuclei were prepared by lysolecithin treatment as previously described 
(Murray, 1991). For preparation of interphase Xenopus egg extracts, unfertilized eggs were 
dejellied, washed and activated with the calcium ionophore A23187 as previously described 
(Kubota and Takisawa, 1993). Activated eggs were washed in extraction buffer (XB: 10mM 
Hepes-KOH, pH 7.7, 100mM KCl, 0.1mM CaCl2, 1mM MgCl2, 50mM sucrose) at 4°C, and 
then, following removal of excess buffer, crushed by centrifugation at 15,000 x g for 10 
minutes. The cytoplasmic layer was supplemented with aprotinin (10µg/ml), cytochalasin B 
(50µg/ml), creatine phosphate (30mM) and creatine phosphokinase (150µg/ml) then 
centrifuged at 60,000 x g 10 min, 4°C (Beckman Optima TLA-55) to generate the replication-
competent supernatant fraction. Chromatin isolation was carried out using the method of 
(Errico et al 2007) and recombinant GST-geminin prepared as previously described (Stokes et 
al 2003). PCNA and MCM7 antibodies were both from AbCam while Cdc45 antibody was a 
generous gift of Vincenzo Costanzo (CRUK Clare hall) and Orc1 antibody, from Dr Julian Blow 
(Dundee University). 
 
DT40 Knock out study.  
Construction of targeted vectors containing antibiotic resistance cassettes was performed via 
gateway cloning system (Liizumi et al., 2006) and the primers used summarized in table 1. 
DT40 cells were electroporated and clones selected as described previously (Sonoda et al., 
1998) using histidinol and puromycin (Sigma) respectively at 1mg/ml and 0.5mg/ml. Resistant 
clones were screened for alleles disruption via Southern blot analysis and RT-PCR using 
superscript one step kit (Invitrogen), with primers summarized in table 2.  
 
DT40 cells were grown at 39°C in RPMI 1640 medium supplemented with 10–5 M !-
mercaptoethanol, penicillin, streptomycin, 10% foetal calf serum and 1% chicken serum 
(Sigma), and counted manually on haemocytometer with trypan blue (Invitrogen) staining to 
assess growth defect. Cell cycle analysis was determined by BrdU labelling and flow 
cytometry analysis as described previously (Hegarat et al, 2012). 
 
Purification of  recombinant proteins. 
Human PrimPol cDNA was sub-cloned into pET28a (Novagen) using NdeI and BamHI 
restriction sites to generate a 6 Histidine N terminal tagged recombinant protein. Catalytic null 
mutant AxA (both Asp114 and Glu116 changed to alanines) was obtained by site directed 
mutagenesis PCR of this construct using forward 5ʼ-
AGCTTTATTTTGCTTTGGCATTTAACAAACC-3ʼ and reverse  5ʼ-
GGTTTGTTAAATGCCAAAGCAAAATAAAGCT-3ʼ primers. Both proteins were expressed 
using Bl21 E. coli strain following overnight induction at 16°C by adding 0.4mM IPTG and 
purified with Ni2+-NTA (Qiagen) followed by heparin and size-exclusion (GE Healthcare) 
chromatography columns (protocols adapted from Gàrcia-Gomez et al, submitted). Archaeal 
family-B DNA polymerase from Thermococcus gorgonarius (Tgo PolB exo-) used in control 
primer extension reactions on synthetic substrates containing UV induced DNA lesions was 
purified as described previously (Evans et al., 2000). 
 
Fluorescent primer template based assays.  
The HPLC grade DNA oligomers used to prepare synthetic primer-template substrates were 
purchased from ATDbio (Southampton, UK). The DNA oligomer containing pyrimidine-
pyrimidone (6-4) photoproduct was kindly provided by Professor Shigenori Iwai (Osaka 
University, Japan). Primers contained a 5ʼ Hex fluorophore label. 
 
All the primer extension assays were performed at 37ºC as described previously 
(Jozwiakowski and Connolly, 2011). The typical primer extension reaction was performed in 
20ul volume containing 10 mM Bis-Tris-Propane-HCl, pH 7,0, 10 mM NaCl, 10 mM MgCl2, 1 
mM DTT, 20 nM primer-template substrate, 200 μM dNTPʼs (Roche) with 100 nM recombinant 
human PrimPol. The products of the primer-template extension reactions were monitored over 
time course of 5, 10, 15, 30 minutes. All single incorporation assays were performed in 
present of single dNTP and reactions were quenched after 30 minutes incubation. Control 
primer extension (with Tgo-PolB exo-) were performed at 50ºC in 20ul volume containing 
20mM Tris-HCl, pH 8,5, 20mM NaCl, 2mM MgSO4, 20nM primer-template substrate, 100μM 
dNTPʼs (Roche) with 50nM recombinant Tgo PolB exo-. 
 
Table 1, DT40 KO primers: 
Histidinol upstream ARM primer 
FOR  
!"#
$$$$%&%%&'''$'%'%$%%%%$''$$$&$$&%$&$&$&$$$&&$&$
$%$%$$#(")
Histidinol upstream ARM primer REV  !"#
$$$$%&'$&''''''$'%&%%%&''$'%'%&%'''%%%'%'&'''$'$$%
'&#(")
Histidinol downstream ARM primer 
FOR  
!"#
$$$$%&%$&'''&''$'%&%%%$'$$'$%$%$$$$%$&'$%%%$&%$
'''#(")
Histidinol downstream ARM primer 
REV 
!"#
$$$$%&%%&'''$'%'%%'%%%$''$&&%'$$$&'&'$'''%%%&%%%&
%%$&#(")
Puromycin upstream ARM primer 
FOR  
!"#
$$$$%&%%&'''$'%'%$%%%%$''$''%%%$$'''$%$'$%''&'$%%
'%'%$&&#(")
Puromycin upstream ARM primer 
REV  
!"#
$$$$%&'$&''''''$'%&%%%&''$''%&'&&''$&%$$''''&%&%%%
'&#(")
Puromycin downstream ARM primer 
FOR  
!"#
$$$$%&%$&'''&''$'%&%%%$'$$%%&&%%%'%&%$'&&%'$&'$%%
%&#(")
Puromycin downstream ARM primer 
REV 
!"#
$$$$%&%%&'''$'%'%%'%%%$''$$'$$&&%%&'%%$%&'%'$&%%%
&#(")
)
Table 2, Southern blot probe and RT-PCR primers 
Southern blot probe, primer FOR !"#%&$$%$'$&%%$$%$$'%%&#(")
Southern blot probe, primer REV !"#$%&'$$%'&$'$$&%&''&#(")
G. gallus PrimPol cDNA, primer FOR !"#%'$%%$%$%%%%'$$$%%$%%%$%$'$%%$%%%$''$)#(")
G. gallus PrimPol cDNA, primer REV !"#%$&&'''$$%%$&%'&''&$%&'#(")
G.gallus Bora cDNA, primer FOR !"#)%'$$$&$%'%&%$%%$%%$&&&%%%'$&%$#(")
G.gallus Bora cDNA, primer REV !"#
&'&$%$%$$%$%%$$%%&'%'$%$%&'&'''$'$%%%%&'&&#
(")
 
Table 3 
 
Figure Primer (5ʼ!3ʼ) Template (5ʼ!3ʼ) 
3A '$'&$'&'$''&$$'&$''&) &$&$&%$$$&$&%&%%&%$&&''$%%$%&&$%%&$%&&$%%&%
$%&$%&%)
3A '$'&$'&'$''&$$'&$''&) &$&$&%$$$&$&%&%%&%$&&'*'$%%$%&&$%%&$%&&$%%&%
$%&$%&%)
3B '$'&$'&'$''&$$'&$''&$$'
&''&%%)
&$&$&%$$$&$&%&%%&%$&&''$%%$%&&$%%&$%&&$%%&%
$%&$%&%)
3B '$'&$'&'$''&$$'&$''&$$'
&''&%%)
&$&$&%$$$&$&%&%%&%$&&'*'$%%$%&&$%%&$%&&$%%&%
$%&$%&%)
3C &%&'$%&'$'%'$%'$) &'&$'&%$&%'&''&%'&%'%&%$'&%$'$)
3C &%&'$%&'$'%'$%'$) &'&$'&%$&%'&'+'&%'&%'%&%$'&%$'$)
3D &%&'$%&'$'%'$%'$) &'&$'&%$&%'&''&%'&%'%&%$'&%$'$)
3D &%&'$%&'$'%'$%'$) &'&$'&%$&%'&'+'&%'&%'%&%$'&%$'$)
3D &%&'$%&'$'%'$%'$') &'&$'&%$&%'&'+'&%'&%'%&%$'&%$'$)
3E &%&'$%&'$'%'$%'$') &'&$'&%$&%'&''&%'&%'%&%$'&%$'$)
3E &%&'$%&'$'%'$%'$') &'&$'&%$&%'&'+'&%'&%'%&%$'&%$'$)
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Figure S1| Cells lacking mtDNA have an equal level of PrimPol and show proliferation 
defects comparable to wild type cells after PrimPol RNAi.!
a, PrimPol protein levels are visualised by Western blot analysis of whole cell lysate in wild type 
(!+) 143B cells and those lacking mtDNA (! 0), and then quantified in relation to tubulin levels 
(right panel). Error bars denote standard deviation of 3 independent extract preparation. b, 
PrimPol depletion was confirmed at 72 hours after RNAi treatment, compared to mock treated 
cells by Western blot analysis of whole cell lysate. c, Representative images taken every 24 
hours from Incucyte phase contrast microscope after PrimPol RNAi depletion of wild type (!+) 
and mtDNA deficient (! 0) 143B cells. !
!"##$%&%'()*+,-./"*%,0,1!02,
3,
!"##$%!"#$%"&'!
(&)!*+,-$.-!
!+#$%,#*!
/0!
121! 323! 323!
),
4,
/0!
121! 123! 323! 323!
456!
78956!
:8;56!
-./"*%,!05,6%'%*)78',89,:*.&:8$,;'83;8"(,3%$$,$.'%<,.',)=.)',>?@A,3%$$<B!
)C!<''=*>#?@&)!&A!B&=>C,#)!6'&>!*>#?>,DE!=*,F!>&!F$*#=+>!&'(!"##$%!)*+,)-#!D,),G!,H&)*!I*J=?#,!6&H,*KL!M-&N<!
#,*>#$-@&)! *$>,*! ?)F! B&=>C,#)! 6'&>! +#&6,! I"9K! ?#,! F,+$->,F! ?'&)D! O$>C! ,H+,-@)D! 6?)F! *$P,! I=)F,#!
C&#$P&)>?'! ?##&O*K! A&#! B&=>C,#)! 6'&>! ?)?'E*$*8! Q&>C! F$*#=+@&)! -?**,R,*! IC$*@F$)&'! ?)F! +=#&%E-$)K! ?#,!
S?)5,F!6E!>O&!F$*@)->!*,>*!&A!#,-&%6$)?@&)!?#%*!IOC$>,!&#!D#,E!6&H,*K!$)!&#F,#!>&!*+,-$.-?''E!>?#D,>!>C,!
O$'F!>E+,!?'',',!#,%?$)$)D!$)!C,>,#&PED&>,*!-'&),*!/02T<B8!4C,B&=>C,#)!6'&>!&A!D,)&%$-!U(V!&A!/0!U07W!
-,''*!I121K!?)F!-'&),*!&6>?$),F!?X,#!)*+,)-#!&'(!"##$%!D,),!F$*#=+@&)!*C&O$)D!>C,!'&**!&A!6&>C!O$'F!>E+,!
?'',',*! $)! -'&),! Y! ?)F! 9! I323K! &#! &)'E! &),! ?'',',! #,%?$)$)D! $)! >C,! C,>,#&PED&>,! -'&),! I123K8! 3C! N03"ZN!
+,#A&#%,F!&)!N(V!,H>#?->,F! A#&%!/0!?)F!6&>C![\!-'&),*L!=*$)D!!"##$%!)*+,)-#! *+,-$.-!+#$%,#*! I=++,#!
D,'K!&#!=)*+,-$.-!&'(!"##$%!+#$%,#*!I'&O,#!D,'K!?*!"ZN!-&)>#&'8!
!"##$%&%'()*+,-./"*%,0,1!02,
!"#$% &"'$%
&"$&%
(%
'%
#%
)%
&%
*(%
34, 5$6'%,7, 5$6'%,8,
9
6"
:$
.'
/,
4.
&
%,
,1;
6"
*<
2,
*%
*(%
*((%
(% '(% #(% )(%
5%
$$<
,'
"&
:%
*,
1=
7>
? 2
,
@6"*<,
), :,
A,
++%
(%
*(%
'(%
,(%
#(%
$(%
)(%
!(%
&(%
B7, !, B8,
C
,A
%$
$,.
',
%)
A;
,#
;)
<%
,,
-.%
/0/1234156%
+++%
-./"*%,!0D,!"#$!%&'(')94?>,A%$$<,;)E%,&.'6*,#*6$.F%*)G6',)'H,A%$$IA+A$%,H%F%A(<J,%
)K% !"#$!%&'(') 78669% :;<8% ;% 43=52% >2563?82;@<8% A8?87B") C25DB:% 7E2<89% 5?% F.#(% -.% GH6;7I% 63=8J% ;=A%
!"#$!%&/0/% G63K:B% ;=A% A;2I% >E2>68J% 78669% D828% ;998998A% HL% 75E=@=K% AE>637;B8% 7E6BE289% 5?% 8;7:%
>5>E6;@5=%5<82%!%K8=82;@5=9% G$)%:5E29JM%E93=K%;%:;8457LB548B82%D3B:% B2L>;=%H6E8%AL8%8N76E935=%
9B;3=3=K"%:K,!"#$!%&'('% 78669% :;<8%;% 963K:B6L% 65=K82%A5EH63=K%@48"%F5EH63=K%@48% ?52%8;7:%>5>E6;@5=%
D;9%A8B8243=8A%E93=K%;=%8N>5=8=@;6%28K289935=%;6K523B:4O%;<82;K8%5?%,%3=A8>8=A8=B%8N>82348=B9%39%
3=A37;B8A%3=%B:8%43AA68%5?%8;7:%>65B%;=A%B:8%9B;=A;2A%A8<3;@5=%28>2898=B8A%HL%82252%H;29"%AK,P=728;98%
>25>52@5=% 5?% C'% >:;98% !"#$!%&'('% 78669"% Q866% 7L768% >25R68% 5?% -.% F.#(% GH6;7IJ% 52% ;<82;K8% 5?% H5B:%
!"#$!%&'('%765=89%G>E2>68J%D;9%A8B8243=8A%E93=K%S5D%7LB548B2L%;T82%U2AV%3=752>52;@5="%W2252%H;29%
A8=5B8%9B;=A;2A%A8<3;@5=%5?%$%8N>82348=B9M%;=A%B:8%B%B89B%D;9%;998998A%D3B:%BD5%B;369%4548=B9%B5%
A8B8243=8%>%<;6E89%G+++!%X("(((*,'M%++!%X("(**#J"%%
!"##$%&%'()*+,-./"*%,0,1!02,
), 3,
!"# $!# %&%#$!#
'()#*+,+-.#
/01,/(2#!"# 3#
/01,/(2#%&%# 3#4#
4#
 Primer!
C !
Full 
extension!
 AA Primer!CPD!TT n+7!
 Primer!
T
T 6-4pp!
ND ! 6-4pp !
Tgo-PolB exo-  !
Tgo-PolB exo-  !
C ! C !
4, 5,
-./"*%,!06,7*%#)*)89',9:,*%49&3.')'(,;"&)',7*.&79$,#*9(%.'<=,)'5,#*.&%*,%>(%'<.9',49'(*9$,)<<)+<?#
)=#5*5#/%67#+)+28919#(:#;19<=1).4>+--.=#;?,+)#0.@(,A1)+)>#/01,/(2B#C12=#>8D.#:?22#2.)->;#D(28D.D<=.#
E!"F#(0#@+>+28<@#)?22#,?>+)>#E%&%FB#+G.0#'14'"%#+H)1>8#D?01I@+<()B#+)=#;.D+01)#@;0(,+>(-0+D;8J#3=,
*'%# D(28,.0+9.# +@<K1>8# 19# 1)>01)91@# >(# /01,/(2# D0(>.1)J# /01,.0# .&>.)91()# +99+8# D.0:(0,.=# ()# +)#
?)=+,+-.=#*'%# >.,D2+>.# E9?A9>0+>.# =.9@01A.=# 1)# L1-?0.# M+F#C1>;#C12=# >8D.# +)=# @+>+28<@# )?22# E%&%F#
0.@(,A1)+)># ;?,+)# /01,/(2# ENOO# )$FJ# 4=, *'%# 9?A9>0+>.# @()>+1)1)-# P4Q# D;(>(D0(=?@># @+))(># A.#
.&>.)=.=# A8# +# 0.D21@+<K.# D(28,.0+9.J# '(# .)R8,.# @()>0(2# ESF# +)=# "-(# /(2T# .&(4# E!"#$%&'&''()*
+&$+&,-$.()#.&()?@2.+9.#=.+=#D(28,.0+9.#TB#+>#UO#)$F#C.0.#1)@?A+>.=#C1>;#)()4=+,+-.=#E'*F#(0#P4Q#
D;(>(D0(=?@># EP4Q# //F# @()>+1)1)-# 9?A9>0+>.# E+9# 1)# L1-?0.# M@F# :(0# MO# ,1)?>.9# +># UO(SJ# 5=, 5?A9>0+>.9#
@()>+1)1)-#+#S/*#2.91()#@+))(>#A.#:?228#0.D21@+>.=#A8#+#0.D21@+<K.#D(28,.0+9.J#'(#.)R8,.#@()>0(2#ESF#
+)=#"-(#/(2T#.&(4#C.0.#1)@?A+>.=#C1>;#*'%#9?A9>0+>.#@()>+1)1)-#S/*#2.91()#E+9#=.9@01A.=#1)#L1-?0.#M+FB#
V.G#D+).2J#"-(#/(2T#.&(4#@+)#1)@(0D(0+>.#()28#>;.#I09>#)?@2.(<=.#(DD(91>.#S/*#2.91()#A.:(0.#9>+221)-#E)
3WFJ# 5+,.# .&D.01,.)># C+9# 0.D.+>.=# C1>;# *'%# 9?A9>0+>.# @()>+1)1)-# >C(# =.(&8+=.)(91).9# E%4%F#
+)).+2.=#(DD(91>.#+#"4"#S/*#E+9#1)#I-?0.#MAF#B#01-;>#D+).2B#A2(@X1)-#0.D21@+<K.#D(28,.0+9.#D0(-0.991()J##
"01+)-2.9#+A(K.#-.2#1)=1@+>.#1)@0.+91)-#0.+@<()#<,.#EMOB#PO#+)=#NYO#9.@()=9FJ#
U]\!
!
!
!
!
800%#9(F!>!
!
!!!!!!
!
!
!
"#
$%&
#'
()
'*
"'
+,
')
(-
#%.
+/
'+
$(!
"#
$
""
%&
'(
)
*%
&*
%+
&!
"#$
%&
&'
(#
,-
.)
,/
0&1
-/
#"
.%
2&
(2
.%
3&
*%
&*
%%
/#
*#
"+
&4
"-
2./
%2
&/
5&!
"#$
%&
&'
(#
,-
.)
,/
0&1
-/
#"
.%
&2
"6
("
%7
"&
8%
"$
9:&
;/
#'
&1
-/
#"
.%
&'
/)
/0
/3
("
2&2
'*
-"
2&*
11
-/
<.
)
*#
"0
=&
>?
:@
A
&.+
"%
#.#
=&
*7
7/
-+
.%
3&
#/
&B
0(
2#
*$
&2/
5#
$
*-
":
&
C
/#
.5&
D&
!"#$%&&'(!"#$%"&'!()*!+,-!+%$,&!+.$-!/0120,.0/!
!
!
"#$""$"$""""#$$$""$"""$"$#$""$"""$##$""$""%#"$%$#%##"%#"#$""!&'!
!(!!)!!*!!)!!+!!,!!,!!*!!-!!)!!)!!-!!,!!,!!.!!/!!0!!1!!1!!,!!
"$"""%%%#%##%%#"%"$###"%"""%%""$"%#$#%%"""%%%##"%"$%%"#%%%$#!23'!
!*!!4!!5!!.!!5!!6!!-!!1!!)!!5!!*!!.!!0!!)!!5!!.!!7!!5!!0!!*!!
$#%#$$""""#"##%#$#%$"%"$$%#$"#$%###%"$"###$#$""""%%#$%""$$"$!28'!
!-!!+!!)!!9!!:!!;!!*!!7!!/!!<!!/!!:!!*!!:!!-!!)!!6!!;!!)!!,!!
$"#$##%"#$#"###$%%##$$"""$$""%"%"%""""#$$"%"$"$$####"%%##$#$!3='!
!<!!-!!>!!-!!:!!/!!.!!,!!*!!4!!6!!7!!4!!?!!7!!*!!:!!1!!.!!-!!
"%#"%"#"#%""$"$%###$$#"##"##"%"%%"""$$##"#""""%""$#%##"#$%"#!@''!
!6!!6!!1!!7!!,!!.!!+!!1!!1!!1!!6!!)!!?!!1!!)!!6!!0!!.!!(!!>!!
#$%#"#$""$#""##%%#$"""""$"#$%##$%"""%###"####$"###$$"$##%#"%!@&'!
!;!!1!!,!!-!!9!!5!!,!!)!!<!!/!!;!!)!!.!!1!!:!!<!!.!!,!!:!!1!!
"""$%"$%"""#%%#$$#$%#$"#$$%""$$"#"#$$##$%"""$%#""##$"$%##$#%!=3'!
!)!!/!!/!!4!!5!!?!!/!!<!!?!!)!!<!!(!!-!!/!!)!!.!!9!!,!!.!!-!!
"$%%"$""$##""""$""%#$#"#$"#$##""%#$%#%"$%%"$"$"#$#%##$""###"!=8'!
!0!!7!!)!!.!!)!!,!!.!!1!!<!!-!!4!!;!!0!!/!!*!!<!!-!!.!!4!!.!!
$"##%%"$#"%#$"#$"""""###"$#%$$%"%##""#"##%%#"%%%#$%""$"%#$#"!A='!
!<!!0!!0!!6!!<!!,!!)!!:!!0!!*!!>!!.!!9!!:!!.!!5!!;!!)!!6!!-!!
###""$$"#""%"##%"%$#%$$#""%###$#$"$""%%"####$%"$%%#$%%"#""$$!&''!
!:!!)!!<!!4!!9!!>!!-!!?!!4!!:!!-!!*!!6!!9!!.!!7!!5!!/!!9!!*!!
##"$#$$$$"$#""%$#%$%#$%#%%%"##$%"$""$$"$$"$%"$$"#"#"%$#%%%"$!&&'!
!.!!-!!?!!0!!4!!-!!/!!/!!5!!9!!/!!,!!?!!?!!/!!?!!1!!6!!0!!7!!
#$##%#$%"%%""%"$##$"$##"$"#$$#%%#%##"%"""%%#%"%"$%"$#%$""$"#!B3'!
!;!!0!!/!!5!!6!!-!!,!!.!!<!!?!!5!!.!!6!!4!!.!!6!!/!!-!!,!!<!!
$%##%%"""$$%#$$%%"$%%"##$%#$"%%"""$"""$$"""%"$"""%"#%"%"%%"#!B8'!
!/!!0!!)!!?!!+!!5!!/!!9!!/!!<!!7!!*!!)!!,!!6!!,!!6!!0!!>!!>!!
$$"$""""%#%#$""####%####%#""#"$#"""#""%"""$""$$"$"%""$%""%##!8='!
!?!!,!!4!!0!!,!!:!!0!!:!!.!!9!!-!!4!!4!!)!!,!!?!!<!!)!!7!!.!!
###$#$$"#%#"$$"$###"%"%""$$""%"$"""###%%$$"#$#"#""$#%"#%""""!C''!
!:!!-!!<!!.!!?!!-!!1!!6!!*!!4!!*!!4!!:!!*!!(!!1!!)!!0!!0!!)!!
$%"$$""""""%$#$"#%%#$"%""#"$%"$"$$"#""#""$###$#%%%%""%#$#$""!C&'!
!/!!?!!)!!4!!-!!9!!.!!6!!9!!/!!,!!<!!4!!)!!:!!-!!5!!4!!;!!,!!
$"$""%$###%###$$""$""$%$#"####%###%%#%###$$#%#$%""#$##"$"###!2'3'!
!,!!4!!-!!0!!.!!,!!,!!/!!1!!:!!.!!0!!0!!.!!-!!;!!4!!-!!*!!:!!
$""$"#$$%"%"""""##%#"#%"#%#""%###$#"$""$"$$"$"#"""$"#$#%%$%#!2'8'!
!,!!<!!?!!6!!)!!9!!.!!0!!0!!4!!:!!-!!,!!,!!,!!9!!)!!(!!0!!/!!
#####""$""$#""""%%"%%"$""$%"%%"$"$$#"%#$%""$%%#"##%#$%#%%"#"!22='!
!:!!.!!*!!0!!)!!6!!6!!*!!0!!6!!*!!?!!6!!/!!0!!.!!:!!;!!0!!9!!
$$"$%%%"#$$""$$%#"#%"$$"$#%"%%$#"#%%"$"$"#$"##$####$##%$##%#!23''!
!?!!/!!>!!?!!*!!.!!0!!?!!-!!6!!-!!0!!*!!<!!<!!;!!:!!-!!*!!0!!
##$"##""#"""$"%$$"$#$%""$$"$$#""%""%#$#$%%"##"###"%"$"""##%"!23&'!
!.!!9!!4!!)!!<!!?!!-!!7!!?!!?!!4!!4!!;!!/!!9!!9!!1!!*!!4!!0!!
$%""%"$#"###"#"""%""$####%%####%"$$$"#""$$%""#$$""##"###%#%"!2@3'!
!/!!6!!-!!:!!9!!4!!)!!:!!0!!:!!0!!?!!9!!*!!7!!+!!4!!1!!:!!0!!
$$$$""$"""#"%##$###"#$"%"###%#$$##"%%$##$$#$#$""""#"##$$""$"!2@8'!
!?!!,!!,!!9!!.!!-!!1!!<!!9!!0!!?!!1!!*!!+!!;!!,!!4!!9!!?!!*!!
$%%%"%"$""$#""%""%"#%"#$"##%#$$#"$"#%#"""$""$$""$#%#$$#"#%"$!2=='!
!/!!>!!*!!0!!4!!4!!9!!(!!9!!.!!-!!<!!.!!)!!)!!,!!-!!+!!1!!7!!
""$#$%%"%$"#%%"$#%#$%"$$$"""""""%##%"""#%"%"""$#%##%%"##$%%#!2A''!
!)!!;!!>!!<!!5!!-!!;!!*!!,!!)!!4!!:!!)!!0!!7!!0!!.!!5!!.!!5!!
#%#"$$"#"#$###$#%##%#%####%"#"$"$$"$$""$"#%"#"#$$#""%"$"#$""!2A&'!
!0!!*!!9!!;!!.!!0!!0!!.!!:!!9!!,!!,!!,!!<!!>!!(!!-!!6!!<!!,!!
%$#$"$""%"%"$""$#""%"#%"%"%#%%""%%%#$%"$"###$#%"$"""$%#%"$%%!2&3'!
!*!!,!!4!!6!!,!!-!!6!!0!!>!!0!!4!!5!!/!!<!!.!!0!!,!!0!!0!!/!!
#"#%#"$%""#"""%"%"#%#%""$"%"%#%"$#$$$"%""#$%""$#$"#$"#$%%#"#!2&8'!
!1!!.!!/!!9!!4!!6!!0!!7!!<!!6!!7!!+!!<!!4!!/!!0!!<!!<!!/!!1!!
##$$#"$"""%#$%#$""$"#$#$$"$%#$$%"$""$%#$%"$"##"#"$#%#$$$##"%!2B='!
!.!!-!!,!!6!!/!!,!!<!!-!!,!!.!!/!!,!!/!!/!!<!!1!!0!!.!!?!!1!!
!"#"#"!""!"""$$##$!"$!""!$$#$$$$!!"""$!$#"$!!"""#""!"#"#$$!#%&'((%
%)%%*%%+%%+%%,%%-%%)%%+%%.%%/%%/%%+%%0%%1%%2%%3%%4%%)%%*%%5%%
"!#"""!"#!"#"!#!""##"$!!"#$$!!#$"!#"""#"!"#$"!$"!#""#"""!#$$%&'6(%
%1%%3%%)%%)%%1%%7%%-%%2%%*%%2%%/%%8%%9%%:%%/%%.%%8%%*%%3%%/%%
!#$$$""$"#$!#"$!!!$"$#"#"$!##$$#$!$!"""!"$"#$!#!"$!$"!$$#"""%&;<(%
%8%%/%%,%%/%%=%%>%%?%%=%%0%%-%%1%%.%%3%%)%%*%%8%%0%%7%%@%%3%%
"!#"#$#$$#$"!"!#$!"$"!"#"""!$!"!$""#$!#$"""""#""!#""##$$!"!"%&;'(%
%1%%*%%/%%/%%+%%/%%,%%)%%3%%.%%1%%9%%5%%7%%3%%4%%8%%*%%/%%:%%
"#"!"$$"""$!!!$"$"""!"!"$#"#"!!!!#$!""!""!"#$!!!#$!!"""#$#$$%<(A(%
%*%%)%%7%%0%%>%%,%%3%%:%%1%%4%%>%%/%%3%%3%%*%%>%%/%%+%%*%%/%%
#"$!""!!#$!#$$#""!"#"$$$"!#"#$$$!""!!#$$"$$!$#"$!#""$$$#$"$$%<&((%
%=%%+%%>%%5%%@%%3%%*%%@%%1%%*%%/%%3%%8%%?%%5%%=%%8%%,%%1%%,%%
$$#$$"!#$!$$$!#$#""#$$#$"#$!"$""!##"""$"#$!$"$$$#$$#"#$$##"!%<&6(%
%@%%/%%8%%.%%5%%1%%*%%1%%*%%)%%3%%-%%9%%*%%.%%@%%/%%=%%@%%4%%
"$"$!!""!""#"#$"$$$"$$$#$!"$"#"!"!$$""$""$"""!"!"$$$!$#$!$#"%<<<(%
%,%%2%%3%%9%%*%%,%%?%%@%%7%%?%%:%%.%%9%%9%%3%%+%%,%%5%%/%%1%%
#$!!$$#"$##"""%
%/%%.%%=%%-%%%%
 
 
!"#$%&'()%*+ *%,"%-#%+ .$&/%0+ #1*%2+ &3+ !"# $%&&'(+ 40(54&$+ 678+ 1-)+ '9%+ #&00%*:&-)(-;+
15(-&+1#()+ *%,"%-#%*+ ."::%0+#1*%2<+=9%+-"#$%&'()%*+ *%,"%-#%+/1*+ 0%>1--&'1'%)+ 30&5+
'9%+!"#$%&&'(+;%-&5%+.?@A@+;%-&5%+B0&/*%02<+
+
+
+
!"#$%&&'(!"#$%"&'!(#&)*$+!
+
M K R K W E E R V K K V E E L A S Y Y E R N P L P T V Y K P R L S K P L Q P S R V W K I F C 
R Q A D A F R F V K T C K E D V H V F A L E R N T Q N G Q R F Y L V T T Y Q E L W Y Y Y T K 
G Y K T S L M H C Y E V I P E K D A C K L Y F D L E F Y K A A N P G A D G K D M V A K L I E L 
V S Q K L K E L Y D V N C S A R D V L N L D S S T D E K F S R H L I F L P C K T V F K D N I H 
V G N F V R T I L Q P A I R L V G S N V A A P I A E G G A G Y T S Q C S A P T V E L D G P L T 
N L T A V E D A S K G W P A I A D Q R K E T E T S H H G E N S E F S F L I V N N K E G D K Q 
L F V D L G V Y T R N R N F R M Y K S S K A G K N V I L T I A E D N K F V P N C E E N V S L E 
E A Y F L S S L V C N V R F E D G T K I L S S N F V E E E I K M S A F L R S K T T R S T R G T 
A S L F C S I G A H G R L S G V T V S R D D C F V R S L I N K D G V Q G G N N C A I I Y R N S 
A T V F I N K F S F S G I R Q W N Y F S G E E I L V Y D I S G Y R W C E N I G R A H R S N N I 
M I L V D L K K E V W Y Q K C H D P V C R E K N F K S Q S L P L P S R I C L S S L F I E E E D 
H M V T D E R E N T E V T S H S N P A D L S E S S A Y L A I N T S Q D T Q W D N A S D D A Y 
L V E T A E D V E L A E A A D Y S L G Y D T E E I P D E V L L E M S W K Q D T C S K D D S 
 
 
Number of amino acids: 609 
 
Molecular weight: 69397.0 
 
Theoretical pI : 5.28 
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Number of amino acids: 590 
 
Molecular weight: 67885.4 
 
Theoretical pI : 5.62 
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